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Preface 


The  safety  and  the  qusJity  of  iransimsstans  have  always  been  a  ma«cr  of  concern  for  radio  operators. 

r  As  radKKommunkations  began,  users  soon  recognized  that  nose  wts  a  disturbing  factor  against  which  it  was  necessary  to 
provide  protecuocu  Reducuon  of  the  bandwiddi  of  the  modulated  signal  appeared  as  a  natural  solution  but,  unfortunatdy,  it 
could  not  definitely  Improve  transmission  efficiency  Discovery  of  frequency  modulation,  and  the  devdopment  of  information 
theory  pointed  out  the  gam  which  could  be  expected  by  exteodmg  the  spectrum  of  modulated  signals.  ^ 


When  affibed  to  perfect  communicatiofl  cha/mds.  spread  spectrum  seems  to  have  no  limitations.  With  real  channels,  the 
attainaUe  spreads  are  limned  by  numerous  phenomena  which  distort  the  transfer  hmctions.  .  ^ 

"  This  Lecture  Senes  is  devoted  to  the  study  of  these  irfienomena  and  to  the  consequences  they  have  on  signal  transmissioR 
Presentation  of  the  topics  takes  into  account  both  the  atmosjAere  areas  wherein  the  phenotTicna  a^icar.  and  the  working 
ftequency,  since  the  effects  are  always  selective. 

The  lectures  begin  with  a  general  discussion  of  noise  and  interference  problems,  of  distoruons.  and  of  charactenaoon  of  the 
tramfer  funetiom  of  communicatwo  channds.  Then  the  f^ysicd  phenomena  involved  m  the  propagation  of  radio  waves  are 
investigated,  and  their  effects  on  the  various  types  of  modem  coiiununication  systems  are  develops  _ _ 

TWO  special  ledimques,  which  cannot  be  disconnected  from  diesetopics,are  then  discussed  first,  adaptive  systems,  nther  those 
of  time  or  space  which,  in  the  case  of  widdiand  signal,  exhibit  particuiar  charactenstics.  second,  decironic  counter  measures 
(ECM),  since  these  systems  imolve  synchronization  periods,  along  with  codmg  and  ciphering 


These  lectures  were  held  in  Pans  (France),  in  Rome  (Italy),  and  in  Boston  (United  States),  and  they  were  received  by  Ic  Centre 
Nauonal  des  Td«ommuttications(CNET).  the  Italian  Air  Force3.aad  the  Rome  Air  Development  Centcr/EE*"  respectively 


I  am  most  grateful  to  these  organizatioAS  and  their  staffs  for  the  welcome  they  gave  to  the  conferences,  and  for  the  excellent 
organization  of  the  receptions.  Without  doubt,  the  comfort  given  to  the  audiences  encouraged  good  dialogue  wtth  the  lecturers 

Finally,  I  must  express  my  thanks  to  the  AGARD  people  who.  patiently  but  permanenily,  stimulated  one  and  all  in  order  to 
ensure  the  right  progression  of  thu  work. 
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CCoutelard 

Diteciorirf  the  Lecture  Senes 
Editor 
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Preface 


La  bonne  qualite  des  transmissiofts,  kur  secunt^  ont  loujourt^  un  soun  pour  Ics  op^ttonnds. 

Au  d£but  des  conuntuucatioAC,  on  a  tris  rapidement  coMtate  que  Ic  bruit  »dK>€ectnque  un  facteur  genant  don(  il  ^Uut 
se  proteger.  L1d6e  de  r6duire  la  Urgeur  de  bande  du  a  <x€  natuielle.  malheureusement  elle  ne  pouvait  amdliorer 

de  fa(on  decisive  Tefficaotd  des  transmisswNU.  L'lnvention  de  ia  ntodubbon  de  fr^ence,  puis  le  <kvelopp«nMt  de  la  throne 
de  Information  ont  monird  llntdr^  quH  y  avalt  ii  dtendre  le  specoe  des  signaux  m^tes 

En  presence  de  canaux  parfaits,  retalement  du  spectre  parast  m  pas  avoir  de  litnite.  Dans  les  canaux  reels,  ces  Elements  stmt 
limits  par  un  ensemble  de  f^ienomines  <(t)i  alliient  la  foncncnde  transfen 

Cette  stoe  de  cours  esi  consacree  i  I’examen  de  ces  (n^nomenesetaux  incidences  qu'its  ont  sur  la  transmission  des  signaux. 

II  a  fallu  organiser  cette  pr^enunon  en  tenant  compte.  Ii  la  fois  des  zones  dv  I'atmosphere  si^  de  ces  phenomines,  et  des 
frequences  utilisees,  les  ^ets  etant  toujours  selectifs 

Apres  une  presencatKm  gcndrale  da  problimes  du  bruit  et  des  interferences,  des  alterations  et  des  representations  des 
fonctions  de  transfer!  des  canaux,  une  presentation  des  phenomines  et  de  leurs  consequences  esi  faite  pour  tous  les  types  de 
transrmssion  utilises  actuellement  Deux  ledmiques  parbctiliercs.  qui  ne  peuvent  etre  dissoctees  de  ces  aspects,  soni  ensuite 
abordees:  U  premiire  conceme  radaptati  vite  des  systemes,  soit  temporelle.  soit  spaiiale  qui,  pour  les  signaux  large  bande.  revet 
des  aspects  particuhers,  la  seconde  conceme  le  pixrtiieme  des  comre  mesutes  etecnoniques  puisque  ces  systemes  n&essiteni 
des  phnses  des  synchronisation  el  des  codages  qui  se  oreteni  au  chi^ement 

Ces  conferences  ont  eulieui  Pans  (France),^  Rome  (I catie)etiBoslon^SA)oueltes ont  cterespectivementaccueillies par  le 
Centre  National  d'Etude  des  Telecommunications,  rArmeedefAir  Italiennc  et  le  Rome  Air  Development  Cenier/EEC 

Je  liens  k  remeraer  ces  organismes  et  leur  personnel  pour  raccueilchaleurexqu'ils  ont  reserve  It  ces  conferences  ct  I'cxcellente 
organisation  de  leur  reception  Nul  doute  que  le  confort  dans  lequcl  les  audiicarcs  ont  ete  places  ait  favonse  rcxcelleni  dialogue 
qui  s*esi  ctabli  entre  eux  et  les  conferenners 

Comment  pourrau^je  oublier  de  remercier  tous  les  cdkgucs  qut  ont  accepte  de  consacrer  une  part  de  leur  temps  li  la  redaction 
et  i  la  presentation  de  leurs  conferences 

Mes  remerciements  vont  bten  evidemment  aux  personnes  de  lAGARD  qui  ont,  avee  une  patiente  mats  permanente 
solticitation,  stimuie  les  uns  et  les  autres  pour  abouur  au  bon  deroukment  dc  ce  travail. 


C  Goutelard 

Directeur  dc  la  Lecture  Senes 
Editeur 
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Abttrtet 

Uott  rtdio  conaunifttlon  sytUiit  boinc  procontty  Introducod  or  under  developaent  trt  dlgltti  tyetea*  Depen¬ 
ding  on  tho  trtnanlMlon  btndvidth  relttlve  to  tho  infomttlon  rate,  auch  ayateaa  can  be  divided  Into  the 
eltaa  of  ntrro*  band  ayatena  and  the  olata  of  wide  band  ayateaa  The  lecture  hat  the  final  ala  to  work  out 
In  a  tutorial  vay  the  advantagea  vide  band  ayatena  have  to  offer  under  adverae  propagation  conditlona  In 
the  iactu.'e,  after  an  introduction  to  digital  Infonaatlon  trananlaalon.  dlglui  vide  band  ayatena  are  defined  on 
the  baata  of  the  uaed  tranamiaalon  algnal  foraa  and  are  conpared  «lth  narrov  band  ayatena  The  need  fe*  the 
application  of  vide  band  ayatena  la  pointed  out  referring  to  Infomatlon  theory,  vith  the  realatance  agalnat 
nolae  and  Interference  aa  veil  aa  the  capabilities  of  multiple  aeceaa  and  selective  addressing  being  addressed 
Different  types  of  vide  band  ayatena  tncluding  spread  spectrum  ayatena  are  presented  The  quantitative 
treatnent  of  propagation  problena  In  narrov  band  and  vide  band  aystema  due  to  tine  variant  multipath  pro¬ 
pagation  la  tackled  and  the  potential  of  vide  band  ayatens  in  combatting  propagation  effects  la  ahovn  It  la 
explained  that  properly  designed  spread  spectrum  ayatena  are  leas  affected  by  multipath  reception  than 
narrov  band  ayatena 


1.  Introduction 

Vest  radio  comnunlcatlon  ayatena  being  presently  Introduced  or  under  development  are  digital  aystema  Alio 
originally  analog  source  signals  aa  for  Instance  speech,  picture  or  telemetry  signals  are  -  after  A/D 
conversion  and  source  encoding  -  preferably  transaUttsd  in  digital  form  Compared  vlth  conventional  analog 
ra  or  All  radio  communication  systems,  digital  radio  systems  have  a  number  of  advantagea  Pellsblllty  and 
•tablilty  of  ayatem  behavior,  high  resistance  agalnat  noise  and  Jamming,  tolerance  of  multipath  effects,  system 
flexibility  due  to  easily  modifiable  system  parameters,  fast  and  automatic  adaption  to  changing  operation 
scenarios,  and  cost  efficient  ayatem  Implementation  by  aodarn  microelectronics  and  VLSI  Also  aophlatieated 
features  aa  eg  multiple  access  and  selective  addressing  capabilities  can  be  readily  achieved  by  digital 
means  Digital  radio  communication  techniques  are  eg  applied  In  radio  relay  systems,  land  mobile  radio 
aystema,  satellite  communication  systems.  coeuaunlcatlons  and  9AR  IfP  systems  Even  for  future  public 
sound  broadcasting,  digital  ayatena  are  under  consideration 

Elameniary  characteristics  of  a  digital  radio  coaimunlcation  system  are  the  Infomatlon  rate  R  and  the 
bandvtdth  B  of  the  tranamiaalon.  The  unit  of  R  la  btt/a  Tite  unit  of  B  la  Kx  Within  the  scope  of  this  lecture 
the  dl^erence  betveen  narrov  band  and  vide  band  radio  communication  aystema  has  to  be  vorked  out  At 
flrat  hand  It  la  obvious  to  rely  only  on  the  bandvidth  B  In  this  consideration  Hovever,  the  absolute 

bandvldth  B  hae  alvaya  to  be  seen  In  relation  to  the  infomatlon  rate  R,  and  therefore  a  more  adequate 

criterion  for  comparison  la  the  quotient 

b  •  l/X  (l.l) 

vhlch  la  teraad  spreading  factor  or  bandvldth  luxury  of  the  ayatem,  or  the  reciprocal  value  l/b  which  la  ter¬ 
med  bandvldth  efficiency.  Syateraa  vith  values  of  b  ntar  unity  are  considered  narrov  band,  systems  vlth  va¬ 
lues  of  b  considerably  larger  than  unity  are  regarded  as  wide  band  There  is  no  sharp  line  betveen  those  two 
clastes  A  reaaonabie  minimum  value  of  b  for  a  ayeten  to  be  considered  vide  bend  would  be  for  example  five 
The  transmission  medium  In  rad'o  communications  la  the  aliaoaphere  or  free  apace  In  contrast  to  guided 

tranemlselon  via  Individual  coaxial  lines,  vaveguldea  or  optical  fibres,  in  radio  communicatlont  different 

comnunlcatlon  channels  using  simultaneously  the  same  ftequency  band  cannot  be  perfectly  Isolated  from  one 
another  Therefore,  In  a  given  spatial  domain  each  radio  ^quency  band  cannot  be  used  by  an  arbitrarily 
large  number  of  users  The  number  of  •‘ts>-a  has  to  be  limited  in  order  to  avoid  mutual  .nu.'ference  Aa  a 
consequence  of  this  limitation  and  of  the  restricted  total  number  of  technically  exploitable  frequency  bands, 
radio  comnunlcatlon  systems  should  fork  with  aa  small  spreading  factors  b  as  poaaible  This  tendency  towards 
narrov  band  systems  would  also  offer  the  advantage  of  relatively  low  cost  ayatem  implementations 
Dcaplts  the  quoted  arguments  In  favor  of  narrow  band  aystema,  vide  band  and  even  very  wide  band  radio 
communication  aystema  are  fNquently  used  for  the  following  reasons 

-  Unlike  narrow  band  ayatens  wide  band  ayatena  open  the  possibility  of  redundant  communication  Redundancy 
permltt  realstance  against  unintentional  or  intentional  Interfering  signals  Also  Interference  by  simultaneous 
signals  In  aystoma  vlth  multipla  access  or  aeleetivo  addressing  capability  can  bs  reduced  on  the  base  of 
redundancy  These  facta  result  from  Shannon's  Information  theory  /!/ 

-  For  a  givan  transmitter  power,  vide  band  aystema  produce  less  pover  ipcetral  denalty  than  narrow  band 
systems  on  the  radio  channel  Small  pover  spectral  denalty  la  advantageous  vlth  reapect  to  lov  probability 
of  intercept  and  to  small  disturbance  of  other  cervices 

-  In  radio  channals  vlth  frequency  selective  fading,  properly  designed  vide  band  systems  are  leas  prone  to 
degradation  than  narrov  band  aystema  because  the  signal  is  simultaneously  present  at  more  than  one 
frequency 

This  lecture  li  concerned  with  tie  definition  of  narrov  bend  end  wide  band  digital  radio  systems,  vlth  conal- 
deratlona  on  the  need  of  vido  band  ayatama  and  their  advantagea.  and  with  the  Impact  of  radio  wave  propa¬ 
gation  conditions  on  narrov  band  and  vide  band  ayateaa  Aa  a  basis  for  the  folloving  lectures  of  thir  aeries 
It  will  be  explained  In  a  tutorial  vay  to  vhlch  degree  vide  band  systems  are  suited  to  overcome  propagation 
problems  To  reach  theaa  goals.  In  section  2  flrat  vide  band  ayatema  are  defined  more  exactly  on  tho  basis  of 
the  used  slgnale,  and  these  system*  are  compared  vith  narrow  band  systems  In  section  3  the  reasone  for  the 
need  and  application  of  vide  band  systems  are  pointed  out  In  section  4  various  classes  of  vide  band  systems 
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Inciadlnf  •prtttf  •pMtruM  •ytteitt  tra  pr«MAt»4  tA^  eott^art^  *lih  re«p*ct  to  th*!r  tdvtnutM  and  »hort-co- 
nlet*.  ft«ctl«n  6  finally  conc«rn«  pr&paxttlon  tffMU  and  t)i«  advanut**  vtd*  band  ayateet  unda*  nultl- 
path  propatatlan  candltlona 


g..yip»u,in  tffKtaLsfflntfPlnM^R 

gJJfttomatlon  thaofatIcaLbackgaund 

In  thU  iMtura  It  la  aMuaad  that  a  contlnuoua  nov  tf  intomatton  ftoa  a  naaa&ea  aouK#  of  bit  rata  haa 
to  bt  tranaaittad.  and  that  thta  flov  of  Inferaatlon  !a  aabdIvSdad  Into  tioeka  of  K  bit  aa«h  for  tranaaiaaion 
Tht  conaldaratlon  of  ayataaa  «lth  non''ConttAUOoa  no9  of  Infornatlon  or  alth  non-block9taa  tranaaUalon 
would  not  offar  baatoally  dtffarant  Inalchta  Tharaforv.  aueh  ayataaa  ara  not  conatdared  Moraovar 
non~btoekwlaa  tranaalaalon  aa  anoountarad  for  Inatanca  in  convolutional  codinc  /2/  or  In  trellla  eodad 
aodulatlon  /S/  can  ba  CMialdarad  aa  bloekwlaa  traitaalaafon  with  a  vary  larta  block  lantth  Tha  total  nuabar 
of  diffarant  blocka  of  lanpth  K  bit  la 

B  •  j'.  (J.l.ll 

Tharafora,  thta  kind  of  blockwUa  trartMlaalon  la  tantad  M-ary  each  block  haa  the  duration  T,  and  with  tliO 
bit  rata  Rp  ona  obtaina  fro«  (2.1  I) 

tb  *  ld(IO/T.  (2.1.2) 

To  aach  of  tha  M  bioeka  a  aymbol  fro«  an  M-ary  aat 

■t  «  (bi...llH)  {S.1.3) 

la  aaalfnad  Pig  2  11  ahowa  tha  baalc  atrwctura  of  an  ll>ary  coBwunlcation  ayatan  In  an  irfomallon 
theoretical  view  Each  aymbol  from  tha  maaaaga  aourca  la  fad  into  tha  ayatan  and  tranamittad  to  a  maaaaga 
aink  At  tha  alnk  tha  aymbol  Kt  arrivaa  aa  aymbol 

«r  <  .  (».l  *) 


In  tha  caaa  of  an  error  free  tranawlaalon  tlwaya 

It  -  It  iz.i.i) 

holda  Real  communication  ayatama  do  not  cork  without  arrora.  and  (2  1  6)  may  not  ba  true  Tha  behavior  of 
real  communication  ayatama  can  ba  daacribad  by  a  trartaitlon  diagram  according  to  Pig  2  12  with  the 
conditional  probabllltlaa  or  tranaltlon  probabllltlea 

P(kk'^a)  ■ 'robCIf  •  hk'lt  *  k,a  (2. 1.(1 

In  tha  apaelal  caaa  of  error  free  tranamtaalon 
(  1  for  k  •  a. 

plhk'ba)  -  (2.1.7) 

I  0  alaa 

holda 


Aa  an  obvloua  demand  on  real  communication  ayatama.  tha  tranaltlon  probabllltlaa  plhvihn)  ahould  ba  aa  cloaa 
to  ona  aa  poaalbla  for  k  aeual  m,  and  aa  cloaa  to  zero  aa  poaalbla  for  k  not  aqual  m  Koaevar.  thta  demand  la 
not  vary  aultad  for  ayatam  avaluationa  and  comparlaona  bacauaa  It  la  ralatad  to  tha  Individual  tranaltlon 
probabllltlaa  and  tharafora  many  paranatara  have  to  ba  conaldarad  If  M  la  Urge  More  auiubla  for  auch 
purpoaaa  la  tha  global  crltaiion  of  aynbol  error  probability  P«  With  tha  a  prior!  probabllltlaa 

"a  •  Probdt  •  V>  (2>1>() 

of  tha  Individual  aymbola  ha,  P«  la  obtained  aa  average  value 
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-  I  *  P<b,ib.) 

•■1  •  ■  ■ 


of  tha  probability  that  a  symbol  error  oceura  In  tha  caaa  of  error  free  tranamlaalon,  equala  zero  on 
account  cf  <2  1.7).  Tha  a  priori  probabllltlaa  typical  of  tha  conaldarad  meaaage  zourca  In  tha  cate  of 

equally  probable  aymbola 

r?R  >  1/K.  a  •  1...R  (2  1.10) 

la  valid  In  ganaral.  tha  Information  rate  R  of  the  moaaaga  aourca  and  of  tha  transmitted  tymbols  differs 
from  tha  bit  rata  Rp  Tha  equation  for  R  la  /A/ 


1  "  I 

*  -  f  I  -71 • 


(2.1.11) 


Thia  aquation  ahowa  that  R  bacomaa  maximum  If  all  r^  equal  }/M,  aaa  <2  I  10),  which  will  be  aaaumad  in  nil 
following  aactlona  Than  (2.1.11)  takaa  tha  form 

X  •  ld(X)/T  ,  (2.1.12) 

and  tha  Information  rata  R  bacomaa  equal  to  tha  bit  rata  Rp  aaa  (2  1  2) 

Btaldae  tha  characterization  of  tha  coranunicatlott  ayatam  by  tha  aynbol  error  probability  P«  according  to 
(2  I  9),  alao  tha  Infonaatlcn  theoretical  naaauraa  average  mutual  information,  equivocation  and  Irrelevance 
can  ba  mad  to  thia  purpoaa  /(/  Tha  average  mutual  Infornatlon  la  tha  avaraga  amount  of  Information  which 
tita  racatvad  aymbola  Hr  provide  about  tha  tranamittad  aymbola  Ht  The  avaraga  mutual  Information  la  given 
by 
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X  »(kklk«) 
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(2.1.1)) 


In  U)«  CM«  of  error  free  ranMlMlon  (2.1  f)  can  h*  ■atoUtuted  tnie  (2  1  13)  and  co«parla«n  of  tha  raauIUnc 
atpraatlon  v)t>i  (2  1  D)  ahov*  that 

I<lt:*r>  *  K  (2  1.14) 

la  t'illd  In  all  other  caaaa 

l(lt:it)  <  t  (2.1.1)) 

holda  The  a<)uivo«atlon  la  tha  loaa  of  Inforvation  by  tha  tranamlaalon  and  aquaia 

IHt'M  -  I  £  W 

>■1  .*1  p(bl,lt.l 

Tha  Irra'avanaa  la  a  naaaura  of  tha  Irralavant  infoiihatioa  at  tha  ayatam  output  and  aquala 

*  Ji  Ji  “  r(Efe  • 


2,2  Narrow  bandjtyatawa  and  alda  band  lyataiaa 

In  aaetlon  2  1  tha  eoramanlcatten  ayatam  haa  baan  conaldorad  on  an  abatract  Information  thaoratical  baala  If 
tha  symbola  Ht  hava  to  ba  tranaalttad  In  tha  raal  worid.  a  aomnunlcailon  madium  and  Information  carriara 
aultad  for  thia  madium  ara  naadad  In  tha  eaaa  of  radio  tranamlaalon  to  ba  conildarad  In  thla  iactura,  tha 
madium  la  fraa  apaea  and  tha  maaaaia  carriara  ara  alactromatnatlc  bandpaaa  alpna)  forma 

»t(tl  •  (n(0  .«11«|)  (i.I.l) 

of  Juration  T  which  hava  to  ba  apaciflad  whan  daaltnlnc  tha  ayatam  Without  raatrlction  of  gar.arallty  It  la 
aaaumad  that  tha  tima  ranca  in  which  tha  aifnal  forma  and)  do  not  Idanllcally  vanlah  raachaa  from  -7/2  to 
T/2 

PlC  22  1  ahowa  tha  eoncratltatlon  of  tha  baalc  communication  ayatam  of  Pic  2  1.)  Into  a  phyalcal  radio 
communication  ayatam  Tha  maaaaca  aourca  faada  tha  aymbola  Ht  Into  tha  tranaralttar  which  aaaicna  to  aach 
aymbol  a  bandpaaa  aicnal  form  from  tha  aat  <2  2  1)  accordinc  to  tha  rula 

It  •  b.  :  -  •a<t).  (2.2.2) 

Tha  K  aicnai  forma  am(t)  ahoald  differ  m  widely  aa  poaalbla  from  one  another  If  appropriate  critaria  ara 
applied  Tha  aifnal  forma  ara  radiated  over  tha  tranamittar  antanna.  reeatvad  by  tha  raealvar  antenna  and  fad 
to  tha  receiver  Tha  taak  of  tha  raealvar  fa  to  aotiNata  the  tranamlttad  aymbola  from  tha  received  aifnal  aa 
reliably  aa  poaalbla  alao  In  tha  praaanea  of  tntarfaranca  alfnali  n(t)  and  aifnal  dlatortiona  due  to  non  Ideal 
propafatlen  condltlona.  and  to  paaa  tha  aymbola  to  tha  maaaaga  aink 

Whan  apadfyinf  tha  rat  of  aifnal  forma  <ai(t)  a||(0>  a  thaoratically  unltmttad  variety  la  at  dtapoaal.  with 
tha  datarmlnlnf  alamanu  of  «ha  aifnal  form:  being  tkalr  phaaa  and  amplitude  charactarlatica  In  practice  llml* 
tatlona  of  thla  variety  hava  to  ba  accepted  Such  limitattona  raauit  from  raatrletlona  on  tha  avaiiabla  band* 
width  and  tranamittar  power,  from  tha  daaira  of  low  aymbol  error  probability  and  from  the  demand  of 
uncomplicated  aignal  generation  at  tha  tranamittar  and  of  low  coat  signal  procaaalng  al  tha  raealvar  Tha 
limitatlona  lead  to  aifnal  forma  •n(tl  having  apaclflc  phaaa  and  amplitude  charactarlatica 
For  aach  of  the  aignal  forma  of  tha  aat  <a|(t>  aM(t)>  a  Fourier  traniform 
T/2 

la«)  •  /  3a(()  dt.  a  -  1..  K  (2.2.3) 

-T/2 

axiata  with  raapact  to  tha  Fourier  tranaforma  daflnltlon  of  tha  aignal  forma  an(t)  aa  bandpaaa 

aignal  forma  maana  that  aach  of  thaaa  tranaforma  haa  non^vanlahlng  valuta  only  In  a  limited  frequency  range, 
with  tha  width  of  thla  range  being  much  amallar  than  tha  abaoluta  frequency  valuta  of  tha  range  Such  a 
limited  frequency  range  la  termed  bandpaaa  range  The  temporal  limitation  of  the  aignal  forma  an(t)  on  a 
range  of  duration  T  exeludea  theoretically  the  almultaneoua  limitation  in  bandwidth  In  practice  thla 
contradiction  can  be  raav.vad  by  cenaldering  valuee  below  a  certain  Unit  to  ba  aero 

Each  of  tha  aignal  forma  ara(t)  occuplei  a  bandpaaa  range  Fn  typical  for  thla  aignal  form  Tha  union  range 

T  ”  (I  Fa  (2.2.4) 

N 

of  all  M  bandpaaa  rangaa  F^  la  tha  bandpaaa  range  occupied  by  the  ret  of  aignal  fonus  <a|(t)  a||(t)>  In 
total.  Tha  bandpaaa  range  F  has  equal  width  B  In  tha  domain  of  positive  and  negative  frequenclaa  Thla  width 
B  le  termed  tha  bandwidth  of  tha  sat  of  signal  forma  ia|<t)  ■«<)»  Aa  an  axampla  Pig  2  2  2  ahowa  a  specific 
constailatlon  of  tha  bandpaaa  rangaa  F^  and  of  tha  total  bandpaaa  rangv  P  of  width  B  In  thU  example  tha 
Individual  aignal  fonns  ag|(t)  occupy  dlijunctlva  but  adjoining  bandpaaa  rangia  Pn 

As  alraady  atatad  In  section  1  an  important  parameter  of  tha  communication  ayeiam  la  tha  quotient  of  band¬ 
width  B  and  Information  rata  R  whkh  la  termed  spreading  factor  b,  see  (i  1)  Narrow  band  aystema  hava  small 
valuta  of  b.  wide  band  aystema  hava  large  valuta  of  b  For  a  giver  symbol  duration  T  tha  lower  limit  of  tha 
bandwidth  B  U  reached  if  all  aignal  forma  ara  sinusoidal  algnala  with  equal  frequency  fo  and  duration 

T  >>  1/fe  (2.2.5) 
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«hleb  differ  only  In  their  tnpiltudee  Sn 
••(t)  ■  rect(|UtCoe(2«fot),  ■ 

Pit  2  2  3  »ho*«  the  Pourler  trnnefoni 

St 
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eTlfefl 


of  euch  t  elRueoidal  eltnel  It  le  evident  that  *  reaeonable  dennltlon  of  the  handpaea  rante  Pn  la  the  rente 
of  width 

S  •  1/T  (3.2.t) 

nariced  in  Pit  2.2  3  becauae  aoat  of  the  enercy  of  the  altnal  Iona  sa(t)  ta  contained  in  this  rente  The 
bandpass  ranees  of  all  citnal  forms  of  the  set  (2.2  d)  are  identical  and  eouai  to  the  bandpass  rente  P  of  the 
set  of  sitnal  forma  (2  2  9}  Therefore,  the  bandwidth  of  the  set  of  sltnal  forms  accordlnt  to  (2  2  6)  is 

I  •  1/r.  (2.2.») 


In  the  ease  of  equlprobable  symbols  Kt<ih|.  h|f>  the  spreading  factor 

b*l/14<II).  (2  3  10) 

Is  obtained  by  substituting  (2  1  12)  and  (2  2  0)  Into  ()  1)  The  set  of  signal  foraa  (2  2  9)  Is  an  example  In 
which  b  decreases  monotonously  with  Increasing  M 

An  example  of  a  set  of  sltnal  forms  with  larger  bandwidth  are  the  time  orthogonal  signal  forms 
f  t  -  |=(2a*l*ll)  1 

Salt)  ■  reet— -M—  cos{2«tot).  a  •  1...1I  {2.2.11) 


The  bandwidth  of  thia  aet  Is  M  times  th#  bartdwidth  of  the  narrow  band  aet  (2  2  9)  because  the  duration  of 
the  non-vanlahlng  portlont  of  the  Individual  signal  forms  is  shorter  b>  a  factor  of  M  Therefore,  in  contrast 
to  <2  2  9)  snd  <2  2  10) 

t  -  M/r.  (2.212)  and  b  •  N/ld(M)  (2.2.1)) 

hold  The  aet  of  aignal  forma  (2  2.11)  la  an  example  in  which  b  can  be  made  arbitrarily  large  by  increasing  M 
Besides  the  spretdlng  fsetor  b  snothcr  psrsmeter  of  the  eeu  of  signal  forma  <s|(t)  sud)*  which  is  Important 
In  what  foUowa  Is  the  tine  bandwidth  product  TB  The  time  bandwidth  product  of  the  narrow  band  set  (2  2  9) 
e<(uala  one.  the  time  bandwidth  product  of  the  wide  band  aet  (2  2)1)  equals  M  In  general,  from  (|  1)  and 
(2  1  12)  the  expression 

ft  -  b  14(K)  (2  3.1«> 

It  obtained  Thia  expression  shows  thst  wide  band  aata  of  aignal  forms  differ  from  nsrrow  bsnd  sets  not  only 
by  a  larger  spreading  factor  b.  but  also  by  a  larger  time  bandwidth  product  TB  However,  the  quantities  b 
and  TB  are  In  ao  far  independent  from  one  another  aa  one  can  atill  dispose  of  M 


A  frequency  fe  Is  chosen  in  (he  center  of  the  bandpass  range  P  of  tho  considered  set  of  signal  forms 
<#{((}  sif<()>  With  this  frequency  which  c&n  be  considered  as  the  center  frequency  of  the  system,  and  with 
the  Hilbert  transform  Inlt)  of  S(i<t)  for  each  of  the  signal  forms  8^(0  a  low  pass  equivalent 

i,«l  •  ..(t)."****®'  » •  -  i...»  (j.j.l) 

can  be  Introduced  /6/  ynlt)  le  also  termed  complex  envelope  of  snit)  By  using  ]|0t(t)  the  signal  form  smit) 
can  be  repreeented  as  follows 

•■(t)  -  ItltaOI.”"*’'].  ■  • 

With  B  the  bandwidth  of  the  set  <ti(t)  si|(t)>.  the  Pourler  transform 
T/2 

«■«)  -  /  ii(t)e’^*’^*  dt,  w  •  I  .  H  (2  ).)) 

-T/2 

of  yn(t)  does  not  identically  vanish  only  In  the  frequency  range 

1(1  s  B/2.  (2.3  41 

Therefore,  liiR(t)  can  be  completely  represented  by  equidletant  samples  l/S  seconds  apart  Iti  With  the  symbol 
duration  T,  for  each  of  the  signal  foras  sn(t)  «  total  of 

T1  (2  )  S> 


j  ■  2aC-T/2  ♦  (a-O.J)/l).  a  •  I...*,  a  •  l„.«  (2.).C) 

is  required  (2  3  6)  shews  that  the  necessary  number  N  of  samples  U  equal  to  the  time  bandwidth  product  TB 
of  the  set  of  signal  forms  It  would  be  alee  allowed  to  take  a  number  of  samples  large-  than  TB  However, 
this  over  sampling  would  not  improve  the  signal  representation  In  what  follows  N  Is  assumed  equal  to  TB 
The  samples  jinn  of  the  signal  form  can  be  considered  as  the  components  of  a  vector 
lla  *  (l2al>'*S3il)<  ■  ” 

In  an  N  dimensional  space  By  this  vector  the  signal  form  snd)  Is  described  In  all  of  Its  properties  Narrow 
band  sets  of  signal  forms,  i  e  sets  with  a  small  TB.  lead  to  vectors  with  a  small  number  of  vector 


1 
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coapontntc.  vide  bftnd  mu  te«d  to  voctont  vtth  s  lore*  nunbor  of  vector  conioonents 
the  entity  of  the  elfntl  fona  tte^t)  e«n  he  obUintd  fron  the  vector  jia  by  the  expreuion 

•.-si  S'  -s  "  1...M 

"  "  B-1 

The  correspondins  txpreeslon  for  the  enalof  ittnal  fom  jintt)  is 
T/2 

•  5  I 

-T/J 

2.4  DitlUl  eitnal  ieperatlon_en<LdUltal  messsKe  deuctlon 

At  first  hand  the  representation  of  the  sitnsi  fome  s^U)  by  the  vectors  Sn  accordint  to  (2  3  7}  Is  a 
nathematical  fomallsn  However,  this  representation  has  practical  lAportance  for  the  sifnal  tcRcratlon  at  the 
tMRsnltter  ard  for  the  denodulation  at  the  receiver  If  diglui  Methods  have  to  be  used 
The  slcnsl  forma  SaCt)  can  be  lenersted  by  a  circuit  shown  In  Fit  2  4  1  The  vectors  Ar,  are  recalled  fron  a 
dlfltal  neiaory  or  generaud  on  line  by  applying  generation  aigorithns  If  the  symbol  Htahn  has  to  be  trans¬ 
mitted  the  real  parts  Retjimnl  4nd  imaginary  parts  imlSian)  the  vector  components  ynn  4re  read  out  from 
the  memory  or  generated  and  fed  to  low  pass  fllttni  with  limiting  frequency  h/2  At  the  outputs  of  the  low 
pass  filters  the  resi  part  Re(yA(t)]  and  the  Imaglaary  part  Imtiinltli  of  the  complex  envelope  appear  »y 
nultlptlcatlon  with  the  carrier  oscillations  cos(2irfot}  and  -aln(2wfot>.  respectively,  and  by  addition  ths  signal 
form  Sait)  :•  obtalnsd  The  circuit  of  Fig  2  4  1  la  a  basic  digital  transmitter 

When  designing  a  sst  of  algnal  forma  <#](!>..  of  given  duration  T,  first  ths  bandwidth  B  and  thsreby 

the  time  bandwidth  product  T8  have  to  be  determined  After  this,  concreu  values  have  to  be  assigned  to  the 
vector  compon«nu  ynn-  HifitAi  systene  are  diecrete  valued  eystems  and  therefore  only  a  limited  set  of  alte  Q 
is  available  for  the  components  u«ft.  1  e 

Raa  *  {u<<-9q]  •  (2  4  11 

Hence,  the  determination  of  the  vector  conponenu  be  split  up  Into  two  sups  Deterainstion  of  the 

sst  <2  4  1)  and  assignment  of  the  values  Im  j^l  to  the  vector  components  Uan.  Although  these  steps  havs 
to  tM  governed  fay  the  indlvlduel  system  re^ulreaenu.  there  Is  enough  space  for  the  creativltv  of  the  system 
designer 

At  the  receiver  the  vector  ^  can  be  obtained  from  the  algnal  form  saltl  by  the  circuit  ehown  in  Fig  2  4  2 
At  the  Input  of  this  circuit  a  bandpass  ftlur  eliminates  Interfsrence  lying  spectrally  outside  the  bandpass 
range  P  of  the  eet  of  signal  forms,  sss  (2.2  4)  The  center  freoueney  and  bandwidth  of  the  bandpass  filur 
equal  the  corresponding  quantities  fo  and  B  of  the  sat  of  signal  forms  The  received  signal  form  snit)  Is  mul- 
tlpllsd  by  the  carrier  oscllUtiona  2cos(2>^ot)  and  •2aln(2i'f6t)  The  products  are  filtered  by  low  pass  flltere  of 
limiting  frequency  B/2  This  process  catted  demodulation  delivers  ths  rest  part  Re(^(t>)  and  ths  imaginary 
part  lm(]|g|(t))  of  the  complex  envelope  Subsequent  sampling  every  1/B  seconds  gives  the  real  parts  Rstjimn} 
and  imaginary  parts  inlUnnl  the  vector  componenu  jiAn  From  the  vector  components  the  transmitted 
symbol  Ht  is  estimated  by  the  meseage  detector  The  circuit  ehown  In  Fig  2  4  2  te  a  basic  digital  receiver 
The  circuit  ehown  in  Pig  2  4  2  functions  only  If  the  carrier  oscillation  Is  available  In  correct  phase  at  the 
receiver  Thia  situation  la  termed  coherent  •wceptton  The  other  situation  Is  the  Incoherent  reception  which 
wii:  not  be  coneldered  In  this  lecture  eince.  except  for  a  mere  complex  circuitry,  no  fundamentally  nee 
aspecu  would  be  touched 


3.  Heed  for  wide  band.^iteM 


The  predominant  reason  for  an  erroneous  estimation  of  the  transmitted  eynboie  at  the  receiver  Is  an  additive 
Inurfertng  algnal  which  reaches  the  receiver  input  beeldes  the  desired  signal  buch  an  Intsrftring  signal  has 
the  effect  that  the  demodulation  ylelda  Inatead  of  the  vector  ^  a  vector  2  which  more  or  less  dlffsrs  from 
2n<  dspendlng  on  ths  Intensity  and  othsr  proparties  of  the  Interfering  signal  dust  ttks  the  desired  eignal 
forms  also  the  Interfering  eignsi  can  be  described  hy  an  equivalent  low  pats  signal  Demodulation  and 
sampling  of  n<t)  yisid  the  Interference  vector 

i  ■  •  (3  1-1) 

By  addition  of  the  desired  vector  Sn  and  the  Interfering  vector  the  received  vector 

Z  *  ■  •!..<)(  0.1.2) 

1$  obtained  The  message  detection  circuit  has  the  tMk  to  estimate  the  trensmliied  vector  Sr,  as  reliably  as 
possible  from  ths  received  vector  f  The  vector  componente  jijBn  ctn  only  attain  discrete  values  out  of  the 
eet  (2  4  I)  The  vector  componente  cn  of  the  Interference  vector  0  are  In  general  continuoue  valued  Hence, 
the  componenta  of  the  received  vector  2  siso  continuoue  valued  The  estimation  of  the  vector  ifm  ^*0 
the  received  vector  2  oan  be  performed  In  two  different  wayt  /2/,  One  way  li  the  case  of  hard  decision  In 
which  upon  reception  of  each  component  yn  the  underlying  component  Unn  >•  Immediately  estimated,  I  e  the 
transmitted  vector  2m  i*  estimated  component  else.  The  other  way  Is  the  caae  of  soft  decision  In  which  the 
estimation  is  baMd  on  ths  slmultanoovs  consideration  of  all  vector  componente  y;,,  n*l  N  in  what  follows 
usually  soft  decision  Is  presupposed  which  givee  a  lower  aynbo)  error  probability  P*  than  hard  decision 
The  Interfering  elgnsI  B(t)  may  be  detenslnletlc  or  etochaetic  It  may  alio  consist  of  the  superposition  of 
deterministic  and  stochastic  partial  signals  Deterministic  Interfering  slgntle  aiw  chsracterlted  b>  the  fact 
that  they  are  pre-determlned  in  their  total  run  and  hence  are  abeolutely  predictable  Therefore  it  U  possible 
at  least  In  principle  to  elimlnsts  deterministic  interfering  elgntls  by  ]ust  subtracting  them  from  the  total 
received  signal  Consequently,  from  sn  Information  theoretical  point  of  view,  deterministic  Interfering  signals 
are  no  real  interfering  slgnsla  In  what  follows  the  elimination  of  detemlnlstlc  Interfering  signals  Is  always 


kssuned  to  that  only  ttochattic  Inurfcrlnc  sicnala  rtaatn  and  thM«  ar«  temod  n(t)  It  Is  furthar  attuned 
that  the  interferinc  slfnal  Is  stationary  Under  these  presnppotitions  n<t)  can  be  eharacterited  by  Its  poeer 
#2,  Its  probability  density  function  Pn(n)  and  Ita  spectral  power  density  Sn(0 

The  probability  density  function  spectral  power  density  Sn(0  are  Independent  from  one  another 

A  frequently  occurrlnc  probability  density  function  Is  the  Gaussian  distribution 


An  Important  example  of  a  spectral  power  density  Is  obtained  If  the  Interferer  power  ^  Is  distributed 
uniformly  over  the  bandpass  rante  P  In  thta  '‘ase.  with 

»o/i  ■  0.1.41 

the  spectral  density 


Is  obtained  which  Is  constant  over  the  bandpass  rante  ? 

If  Pn^n)  and  Sn(f)  obey  (3  1  31  and  (3  I  6).  the  comountcatlon  channel  Is  desitnated  as  additive  white 
Gaussian  noise  channel  lAWGN)  This  type  of  channel  Is  presupposed  in  what  follows  In  the  case  of  the  AVGN 
channel  the  components  Qn  of  the  Interference  vector  jf  and  therewith  the  components  2n  received 

vector  2  statlsticsily  Independent  quantities  with  variance  2«2 

By  referring  to  the  expression  (3  I  4)  the  Important  conceptions  of  power  limited  and  of  non  power  limited 
Interfering  signals  can  be  explained  The  criterion  Is  where  the  spectral  In  band  power  density  No/2  orlglna*' 
tes  from  One  possibility  la  that  No/2  comes  from  one  or  several  Interfering  sources  having  an  available  total 
powar  which  la  spread  evenly  across  the  bandpass  range  P  of  the  system  This  Is  the  case  of  power  limited 
Interference  In  which  on  account  of  the  conatant  e^  the  spectral  In  band  power  density  No/2  Is  Inversely 
proportions]  to  B  No/2  msy  siso  come  from  a  very  broad  band  source  having  a  spectral  power  density  No/2 
within  a  bandwidth  much  larger  than  the  considered  system  bandwidth  6  This  Is  the  case  of  practically  non 
power  limited  Interference  because  on  account  of  the  constant  No/2  the  In  band  Interfering  power  Increases 
continuously  with  B  as  long  as  B  Is  smaller  than  tho  intcrfcrcr  bandwidth 

Power  limited  Interference  Is  to  be  expected  In  the  case  of  unintentional  or  Intentional  man  made  interference 
which  cornea  from  a  United  number  of  radiation  sources  Each  of  these  sources  Is  power  limited  on  account  of 
limited  primary  power  and  limited  maximum  power  of  the  transmitter  amplifier  Examples  uf  non  power  limited 
Interference  are  thermal  noise  and  nan  made  broad  band  noise  coming  from  a  multitude  of  Interference  sour¬ 
ces  as  e  g  electrical  machines,  motor  ignition  systems,  etc  In  reality  always  a  combination  of  a  power  limited 
Interfering  signal  of  power  #'2  and  of  a  non  power  limited  Interfering  signal  of  spectral  power  density  No‘/2 
has  to  be  taken  Into  account  Consequently,  an  Increase  In  B  pays  only  in  a  remarkable  reduction  of  the  total 
spectral  power  density 

K  ,.2  K 

ss  long  as  the  term  e'2/(2B)  In  (3  )  d)  Is  not  considerably  smaller  than  the  term  No‘/2 
Both  In  the  case  of  power  limited  and  in  the  case  of  non  power  limited  Interference  It  Is  not  mandstory  that 
the  spectral  In  band  power  density  Is  constant  As  compart  to  constant  in  band  power  spectral  density,  non 
constant  In  band  power  spectral  density  renders  tho  theoretical  treatment  of  the  Interference  situation  more 
difficult  and  mav  lead  to  different  valuee  of  the  symbol  error  probability  However,  from  a  superior  point 
of  view,  the  cases  of  non  constant  and  constant  In  band  power  spectral  density  are  not  essentially  different 


The  optimum  etrategy  to  estimate  the  transmitted  symbol  Hi  Is  the  maximum  likelihood  principle  /2/  In  order 
to  apply  this  principle  the  conditional  probabllltlea  p<$m'2)>  *"*1  *re  needed  The  probability  le 

related  to  the  probability  of  the  event  that  the  vector  £«  has  been  transmitted  If  the  vector  has  been 
received  If  at  the  receiver  the  aet  <S|<t>  S||<t>>,  the  probability  density  function  Pn(n)  and  the  spectral 
power  density  Snlf)  of  the  Interfering  signal  are  known,  the  probabilities  plSm'Zl  known 

According  to  the  maximum  likelihood  principle  the  decision  at  the  receiver  has  to  follow  the  rule 
8t  -  h|,  if  >  p(ta''<l  for  all  •  (3.2.1) 

<3  2  1)  riieans  that  the  actual  received  vector  ^  has  to  be  Inserted  Into  all  M  probability  functions 
aT>d  that  this  symbol  h^  U  chosen  for  which  attains  Us  maxlmun  As  will  become  evident  later.  It  Is 

advantageous  to  transform  (3  2  I)  by  help  of  the  Bayes  rule  /(»/  Following  this  rule  and  subatltutlng  rr-  for 
p<!^).  see  (2  1  3). 

P(Si>  *  P<<'&)"b4  •  -  0  2.2) 

Is  obtained  where  wnd  p($}  are  probability  density  functions  From  <3  2  2)  follows 

p(tfj|l<)  -  p(2i&)VP<2>'  ■  •  1.4  M  (3  2  3) 

Substituting  (3  2  3)  Into  (3  2  1)  yields  the  decision  rule 
P(t'Sa>"w  P<i*i*)%* 

*t  •  ^a«  if  *22  •  t3  2  4) 

or,  after  simplifying  by  p(2), 

■t  -  b|,  if  p({i&>n|  >  p({i£|'}n|>  for  all  m'  *  •  (3  2^) 

The  decision  rule  (3  2  6)  Is  equivalent  to  the  rule  (3  2  1)  However  (3  2  6)  has  the  advantage  that  In  the 
form  of  the  conditional  probability  density  functions  the  Influence  of  the  transmission  channel 


1 
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b«coM*f  «ivld*nt,  *nd  that  th«  a  priori  probahllltloa  can  b«  introdueod 

At  atrtady  ttatad  in  soctlon  3  I  «lth  ntpcct  U>  tht  Ifttorftronea,  tha  AVON  channt)  It  attuned,  te*  (3  1  3) 
and  (3  1  6)  Under  thit  pretuppotltlon  the  emponentt  Xn  of  the  vector  2  are  ttatUtleally  Independent  quantl- 
tlet  It  It  further  attuned  that  the  propatation  condlttont  from  the  trantnluer  to  the  receiver  are  auch  that 
the  expectatlont  of  the  conponentt  yn  equal  the  corretpondiKt  conponenta  channel  It 

teraed  nemorylett  In  vhat  followt  the  nenorylett  AVON  channel  It  contldered  Xecardint  the  nettate  to  be 
traniueltted.  equal  probablUtlet  en,  tee  (2  1  t0>.  and  equal  energlea 

X|  -  8  •  eoatt,  a  «  (}.3.d) 

tee  (2  3  8),  are  attuned  Under  these  presuppotitiont  the  optleun  detection  rule  (3  2  6)  taket  the  fom 

It  •  h«.  if  Kel  I  Ib'Sib  ]  >  **[  I  Za‘la*a  ]  *1^  »*  *  *  (}.3.7) 

‘fl  *  ‘a-1  * 

The  received  vector  2  to  be  correlated  qlth  all  M  vectors  tfn.  and  the  decision  It  made  In  favor  of  that 
hn  vhlch  civet  maximum  correlation  The  Implementation  of  the  decision  rule  (3  2  7)  leads  to  the  correlation 
detector,  tee  Pic  3  2  1 

The  optimum  decision  rule  (3  2  7)  can  be  found  relatively  easily  A  more  complex  problem  Is  the  deteminatton 
of  the  symbol  error  probability  P«  when  applying  thia  optimum  rule  Regarding  it  *111  be  shovn  in  the  next 
section  3  3  that  vide  band  aystcms  offer  avantages  compared  to  narrow  band  systems 


3.3  Advantaies  of_*lde_band  iystems 

When  designing  an  M^ary  communication  system  the  M  vectors  ^*ve  to  be  determined,  see  section  2  4  With 
these  vectors  the  cross  correlation  coefflclenu 

T  **t?  •  a^l 

PM'  -  55 -  .  .  a.a'  •  1..  H.  O.J.ll 

**•  ■ 

can  be  formed  If  all  of  tho  energios  Cm  oquat  E,  aee  (3  2  8),  I'^m*  Is  proportional  to  the  Euclidean  distance 
be.eeen  the  vectors  2a  Sm*  eorrelstton  coefficients  can  be  assembled  In  an  UxU^matrlx 
This  mstrlx  Is  symmetric,  I  e 

Pu'  -  Pa'a>  *  I***".  0  3.2) 

and  Us  main  diagonal  consists  ef  ones  only,  le 

Pm  •  1.  a  -  1  .  N  0  3  3) 

The  off  diagonal  elements  have  values  In  the  range 

•  1  •  Pm'  -  1  (3.3,4) 

The  more  similar  tvo  signal  forms  Sa(t)  and  Sfn*(t)  are.  the  closer  to  one  is  their  cross  correlation  coefficient 
pRUQ'  The  greater  the  difference  betveer^  tvo  signal  forms,  the  closer  to  minus  one  Is  their  cross  correlation 
coefficient  Pnm' 

With  the  Inverse  ■■Pam’*'**  *>1^  ihe  determinant  detiipmm'"  of  the  matrix  <>Pnm'*'  which  are  assumed  to 
exist,  and  with  a  vector 

the  probability  of  correct  detection  of  the  transmitted  symbol  hi.  le  the  transition  probability  p(h)<h}).  can 
be  expreesed  as  follows  /8/ 


p(biibi)  • 


/detiiPM^ 


•  n  •  /afPmTTiT  .i »  J  je(i-,ih)/»o 


expf-  j  y  I  IpM'  H  ^  ft  1  dT2,  ..4V|| 


(3.3.4) 


Analog  expressions  exist  for  the  transition  probabilities  plhnioo,).  mB2  M  The  dimensionless  quotient  2E/No 
It  termed  signal>to~nelse  ratio  (SNR) 

By  substituting  the  transition  probabilities  p(hmihm)  from  (C  3  8)  and  the  probabilities  from  (2  1  10)  Into 
<2  1  9),  the  symbol  error  probability 


N  •  1  -  5  I  p(b,ih,) 

"  *-l 


(3.3.7) 


Is  obtained  The  expressions  <3  3  8)  und  (3  3  7)  show  that  d«>es  not  depend  on  the  Indlvldjal  structure  of 

the  M  signal  forms  Salt)  P«  depends  ortly  on  the  eignal  form  energy  E.  the  off  diagonal  elements  Pnn'  of  (he 
matrix  iippun'ii  xnd  on  the  spectral  power  density  N«/2  In  moei.  vsses  a  closed  solution  of  the  multiple  Inte* 
gral  In  (3  3  8}  and  (he  analog  integrals  for  rw2  M  docs  not  exist  Nevertheless,  on  the  basis  of  (3  3  8)  and 
(3  3  7)  general  statements  of  the  achievable  communication  quality  depending  on  the  system  being  narrow 
band  or  wide  band  are  possible 
It  can  be  shovn  that 

~*Paii'  ^  ^  diagonal  eleaents  Pm*  (J  3.1) 

Is  valid  /8/  As  a  consequenco  of  (3  3  8),  all  off  diagonal  elementn  pmm'  should  bo  made  as  email  as  possible 
In  order  to  obtain  a  small  symbol  error  probability  P«  By  small  prf  diagonal  elements  rtnn'  K  1*  meant  that 
thel*  values  should  be  as  close  as  possible  to  the  minimum  value  minus  one.  aee  (3  3  4)  In  this  case  the 


!•« 


difftrtnc*  or  CucUdoan  distanco  botwaan  any  tvo  vtctora  and  $b'  I*  loaxlMua  Hovavar,  thSa  cndaavor  can 
oa  of  only  Uaitad  aocetaa  Ftrat.  for  tha  avaraca  vataa  of  ail  off  dlatonal  alananta  aivaya 
aav  a  '  l/(N-n  (3.3.9) 

to  valid  /*/  Hanea.  U  is  axciudad  that  aU  off  dtaaona)  alasanta  a^ual  lalnus  ona  In  tha  optlaua  caaa. 
t)ia  algn  of  equality  la  valid  In  O  3  9).  and  all  off  dtaiona)  aiaachta  aaua) 

-  i/(i(-i)  (3.3.10) 

Hovavar.  thU  opUiauft  caaa  Is  only  achiavabta  if  tha  condition 

KaK-l  (3.3.11) 

la  fulflllad,  I  a  If  aufflclantly  many  coaponanta  ara  provided  for  each  vector  and  If  tha  oat  (jii  ug^  *** 
(2  4  1).  la  properly  chosen  /8/  A  sat  of  algnat  forma  for  which  (3  3  10)  holds  la  callad  transorthogonal  In  this 
lecture  tha  vector  dimension  N  adual  to  M-l  la  termed  tranoorthotonallty  threshold  Per  a  transorthogonal  rat 
of  signal  forms  Ui(t)  sit(t)>,  (3  3  0)  and  (3  3  7)  yield  Itl 

.  !  -xVj  ,,  ,  _ i*-i 

ft  •  I  -  J  a  [|  ♦  I  arf(i/VT*  VK(W)/I«»  |  dx.  (3.3.12) 

Pig  3  3  1  shows  the  evaluation  of  (3  3  12)  P«  varans  C(l*#)/No  is  dapictad  for  varioua  values  of  U.  It  can  be 
seen  that,  for  fixed  values  of  C  and  No'  ^o  docraases  monotonously  with  decreasing  p  Hence.  Pig  3  3  1 
confirms  the  general  statement  (3  3  0)  if  ail  off  diagonal  elementa  art  equal,  the  set  of  signal  forms  Is 

termed  a  uniform  distance  set  If  all  off  diagonal  eleaenu  Aan*  are  taro,  the  set  of  signal  forms  Is  termed 
orthogonal 

For  values  of  N  smaller  than  U-t  only  less  favorable  combinations  earn'  tharaby  larger  P«  are  poeslble 
then  In  the  case  given  by  (3  3  10)  snd  (3  3  12)  This  degradation  depends  also  on  tha  site  and  the  values  of 
the  avsllsble  set  <U]  ygi,  see  (2  4  1)  The  following  tendency  can  be  stated  The  farther  N  lies  below  the 
transorthogonality  threshold,  the  more  the  off  diagonal  elemenu  deviate  from  the  ideal  values  (3  3  10), 
and  P«  more  and  more  exceeds  the  values  given  by  (3  3  12)  On  the  other  side.  If  N  Is  chosen  above  the 
transorthogonallty  threshold,  no  possibility  exists  to  obtain  more  favorable  off  diagonal  elementa  Ann* 
those  given  by  (3  3.10) 

The  foregoing  consideration  can  be  summarized  as  follows  An  Increase  In  N  offers  ths  chsnce  of  a  larger 
Euclidean  distance  between  the  M  vectors  ^  end  thereby  a  reduction  of  the  symbol  error  probability  P^  as 
long  as  N  Is  below  the  transorthogonsllty  threshold  As  soon  as  N  crosses  this  threshold,  the  sltusllon  does 
not  change  significantly  any  more  with  Increasing  N  Therefore,  regarding  the  off  diagonal  elements  Anm'>  ihe 
msxlmum  reasonsbie  value  of  N  Is  M-)  When  N  Is  Increased  tha  SNR  which  Is  necessary  to  obtain  a  certain 
symbol  error  probability  P«  decreases  ss  long  as  K  le  below  the  transorthogonsllty  threshold  M>1  The 
decresse  of  the  necesssry  SNR  Is  termed  ceding  gain  c*  In  the  case  of  a  uniform  distance  set  of  signs!  forms 

<S](t)  4M(t)> 

■  1-A  (3.3.13) 

holds,  see  <3  3  12) 

Next,  the  spectral  power  density  Ho/2  is  considered  If  the  Interference  Is  non  powsr  limited,  No/2  does  not 
depend  on  the  bandwidth  B.  and  for  a  given  duration  T  of  the  signal  forms,  No/2  does  not  depend  on  the 
number  N  of  vector  components  either  Even  by  an  arbitrarily  large  Increase  of  B  and  thereby  N  the  eymboi 
error  probability  P«  cannot  be  made  smaller  than  the  value  obtained  for  N  equal  M*1  If  the  Interference  Is 
non  power  Halted 

In  the  ease  of  power  limited  Interference  of  power  e^.  the  power  eptetrai  density  No/2  Is  Inversely  proportion 
nxl  to  the  banuwldth  B  and  therafore  to  N  and  TB.  tee  (3  14)  If  N  Is  Increased  more  snd  more  etarting  from 
small  values,  the  coding  gain  c.  can  be  Increased  as  long  as  N  Is  below  the  transorthogonsllty  threshold 
Moreover,  an  increase  of  the  SNR  2C/No  can  be  euted  on  account  of  the  decrease  of  Nr/2  with  Increaalng  N 
This  Utter  gain  le  unlimited  with  regard  to  N  and  la  termed  processing  gain  p^  By  In'^reasing  the  bandwidth 
B  more  and  more.  In  the  case  of  power  limited  interference  the  symbol  error  pro>«ointy  Pe  can  be  brought 
beneath  any  bound 

To  summarize.  In  the  cate  of  non  power  limited  Interference,  bandwidth  luxury  pays  only  to  a  certain  limit 
whilst.  In  the  case  of  power  limited  Interference,  bandwidth  luxury  can  be  turned  Into  Interference  reduction 
without  IlmlUtlone  The  advantages  of  wide  band  syatema  consist  In  the  transformation  of  bandwidth  luxury 
into  Interference  reduction  by  coding  gain  c^  which  reduces  the  required  SNR  2E/No  and.  In  the  ease  of  power 
limited  Interference,  by  an  additional  processing  gain  p*  which  redueea  No/2  and  thereby  Increases  the  actual 
SNR  * 

The  above  statement  that  In  the  case  of  non  power  limited  Interference  an  Increase  of  N  beyond  tha  transor” 
thogonallty  threshold  does  not  pay  seems  to  contradict  Shannon’s  channel  encoding  theorem  ThU  theorem 
says  that  even  In  the  case  of  non  power  limited  Interference  channel  capacity  Increases  continuously  with 
Incretslng  8  and  N  This  would  suggsst  that  a  decrease  of  P^  could  be  realised  even  for  values  of  N  above 
the  transorthogonallty  threshold  The  contradiction  can  be  resolved  if  one  baare  in  mind  an  Important  presup* 
position  of  Shannon's  theorem  /!/  The  theorem  is  valid  only  If  il  growths  simultaneously  with  N  which  is  not 
the  case  In  the  cons'derstlona  made  above  where  H  U  asaumed  to  be  invarUbU 


4_l_Reouireaents.  on  the  set  of  signal  forms 

The  design  of  tn  M*ary  radio  communication  system  for  given  values  of  M  and  N  consUts  to  a  great  daal  In 
determining  a  set  of  slgnsl  forms  lS{(i)  S||(t>>  which.  In  the  sense  of  their  off  diagonal  elements  ARm*.  differ 
as  widely  as  possible  from  one  another  Moreover,  the  set  of  signal  forma  laid)  au{t)l  has  to  comply  with 
further  demands  It  Is  Important  that  the  signal  forms  can  be  easily  generated  at  the  transmitter  and  easily 
delected  at  the  receiver,  with  regard  to  tha  non-llnearlty  of  most  power  ampltners,  frequently  signal  forms 
with  constant  envelope  are  desired,  In  svstens  which  have  to  operate  between  fast  moving  platforms,  slgral 
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fom»  h«vins  •  t«*t  DoppUr  sontUIvtty  Art  dMir«4.  in  wltb  th*  CApAbUltU*  of  lAuUlpIo  Ac«t«»  »nd/or 

•ttoctivo  AddrMolRt*  A  lArgo  vAilAty  of  Al|nAi  fonu  aT  Um  aaim  typ4  aiw  neotfed  And  honeo  Urt  /  foaUltA  of 
Alfnal  fomA  »it)i  good  correlAtlon  pr^rtleo  at*  InUrttUnf 

For  th#  dftorilnAtlon  of  a  not  of  sigMAl  foneA,  ttirt#  dlfroront  ApproAChsA  Art  pmontAd  In  «hAt  follovs, 
nAHOiy  clAAAtc  AlgobrAlc  coding,  codod  ■odalAtton  And  AprcAd  Ap*ctni«  uoduUtlon 

4.2  AlcAbrAlc  coding 

In  tht  CAAA  of  AtgobrAlc  coding,  tht  Aot  isi  aoo  <2  4  t>.  It  mottly  blntry.  1  a  Q  otiuAlA  two  And 

(si—soj  •  1-  l.l) 

UtuAlly  U  It  rtUtlvAiy  Urgo  And  N  It  waH  btlow  tht  trAnAonttogonAllty  tbrothold  Coniequcntly,  tht  bond 
tprcAdlng  foctor  b  It  rtlAtlvtly  tnall  And  ofitn  It  U  not  juttlfTed  to  contidtr  tyAttM  with  AlgtbrAic  coding 

At  wldt  bAnd  AytttaA 

Fro«  tht  blntry  Att  (4  2  1).  M  vtctort  £«  Art  gtntrAttd  by  Applying  cortAln  llnttr  Algorithat  which  guArAnttt 
tAty  gtntrAtlon,  It  tncodlng,  tnd.  tbovt  All.  tA«y  dtttetlor.  It  dtcodlng  11,11  Within  tht  fTAitt  which  It 
Att  by  tht  tncodlng  And  dtcodlng  tlgorlthas,  K  vtctort  ^  Art  tought  with  optlRua  off  dUgonAt  tltntnu 
Pain'  In  tht  ctAt  of  a  blnAry  Att  (4  2  I).  Inttttd  of  tht  off  dltgontl  tltmtntt  tht  HAnnIng  dlAUnctt  of 
tht  vtctort  Sm  ctn  bt  contldtrtd  /2.7/ 

When  dtcodlng  the  rtctivtd  tlgntl  At  tht  r^ttvtr.  vtuAlly  etch  coaiponent  of  the  rtctlvcd  vector  ^  It  detec¬ 
ted  ttpAFAttly,  1 1  herd  dtcUlon  U  Applied,  'M  fro*  the  detected  vector  componentt  the  ntAAAgt  li  tetlnt- 
tid  by  Algtbrtle  atthodt  HI  At  cottpered  w-..  optlaoa  detection.  It  toft  dtcitlon  end  detection  by  eorrelA- 
tlen,  thit  ApproAch  It  only  tuboptlaun  Howf'tr.  on  Account  of  tho  Urge  U  optinua  detection  would  requlro  a 
prohIbItWely  lArgt  ttpente  of  circuitry  AlgtbrAic  coding  provldet  aIao  atAnt  AgAintt  tpeelflc  kindt  of  Inter¬ 
ference  which  CAUie  buret  wrrere  end  erAeuret  /7/  An  txAapte  of  An  AlgebrAlc  code  le  thr  (31.6)-BCl{-code 
/?/  In  thU  exAaple.  N  ecuAle  21  end  U  ecuAlt  2^  Coneeduently.  the  bend  epreAding  foctor  b  U  31/6 


In  contrAAt  to  tho  xttUAtlon  typletl  for  AlgebrAlc  coding,  now  a  Att  (U)  uq>  of  tergor  site  Q  it  Aituned  At 
An  oxAapIt.  4  aoy  tdUAl  g,  And 

)  .  I.  J.l, 

ThlA  lA  tht  ettt  0“  6-phAAt-PSK  For  glvt^i  VAtuee  of  M  And  N.  tht  toek  to  detlgn  tho  vtctoro  conelitA  in 
leltctlAg  the  vector  conponente  ynn  (ho  Aot  lyi  In  luch  a  way  thot  AgAln  the  off  dlAgonol 
elencnts  ena'  becone  aa  abaII  aa  poeslble  In  principle,  thU  tAsk  could  be  lolved  by  generAtmg  t  Urge 
vAfltty  of  AttA  of  voctore  Sn.  m*!  M.  from  the  eet  <yi  ygi  by  Monte  CaHo  method#,  end  by  selecting  the 
optimum  set  of  vectors  from  this  vsrletv  Hotever.  this  woy  of  eensrAting  the  sot  of  vectors  Sm  would  bt  non 
tystemetic  end  would  hivo  tht  dltAdvsntbft  that  All  vector#  ma|  W,  hAd  to  bt  stored  In  a  memory  At 
the  trAnsinItter.  And  that  s  total  of  M  correUtora  would  be  neceasary  for  messAge  detection  at  tho  receiver  A 
more  favorable  approach  consists  in  constructing  It  sequences  of  length  N  from  the  set  <y)  by  certain 
tlgorlthns  which  guarantee  scccpubly  small  off  diagonal  elements  Pnm'  (his  approach  which  is  termed 
coded  modulation,  signal  generation  at  the  tranAmlittr  and  messAge  detection  at  the  receiver  can  be  consi¬ 
derably  slmpilfled  thanks  to  the  syetematk  proceeding  Examples  of  this  approach  can  be  found  in  /3/ 

Slnllsr  to  systems  with  slgebralc  coding,  systems  with  coded  noduUilon  have  a  relatively  Urge  M  On  tho 
other  side.  N  Is  reistively  small  Hence,  also  tho  band  Apreadlng  factor  b  Is  reUttvety  small,  and  therefore 
systems  with  coded  moduUtion  are  mostly  applied  against  non  power  limited  Interference  Because  the  set 
<y)  yQ>  Is  larger  than  in  the  case  of  algebraic  coding,  channel  capacity  becomes  also  larger  /!/  Therefore, 
for  given  values  of  U  and  N.  coded  modulation  offors  usually  a  smaller  symbol  error  probablliiy  than 
algebraic  coding 


If,  in  contrast  to  the  situation  with  algebraic  coding  and  coded  modulation,  N  is  chosen  far  above  the  trana- 
orthogonallty  threshold  U-l,  the  band  spreading  factor  b  U  much  larger  than  unity  Systems  applying  such  an 
extreme  bandwidth  luxury  are  termed  spread  spectrum  systems  /9.10'  In  properly  designed  spread  spectrum 
systems  the  off  diagonal  tlemenrs  (Use  to  the  optimum  value  given  by  (3  3  10)  Hence,  optimum 

coding  gain  Cg  can  be  achieved  which  Is  advantagoous  with  regard  to  both  power  limited  and  non  power 
limited  Interference  In  addition  to  the  coding  gain  Cg.  a  proceaslng  gain  pg  Is  obtained  which  is  effective 
only  against  power  ilmlted  Interference  and  which  Is  usually  much  larger  than  the  coding  gain  Cg  Therefore, 
spread  apectrum  systems  are  especially  suited  to  combat  power  limited  Interference  An  approximate  expression 
for  tne  processing  gain  Is  the  ratio  of  the  actual  bandwidth  and  the  bandwidth  required  for  transorthogonal 
transmission  With  0  3  M)  (hla  ratio  becomes 

pg  -  N/dl-t;  .  (4  4.1) 

in  practical  systema,  prxesslng  gains  up  to  tens  of  dS  are  realized  /2/ 

In  spread  spectrum  systems  the  set  ijj)  uq>  Is  often  binary,  but  sets  with  a  somewhat  larger  size  are  also 
usual  The  vector  components  Unn  are  obtained  by  taking  sampies  ^om  the  set  ijn  In  a  pseudo  random 
manner  The  pseudo  randomness  is  often  achieved  by  special  algorithms  implemented  Into  feed  back  shift 
registers  which  have  the  advantage  that  the  vectors  Jtn  can  bo  generated  at  low  expense  Another  approach 
Is  tht  computer  Jed  synthesis  of  the  vectors  which  then  are  stored  In  digital  memories 
Standard  exampUs  of  spread  spectrum  modulttion  are  0/160"  pseudo  random  PSh  (0M6O"-PN-PSK)  and  pseudo 
random  MSK  (PN-WSK)  In  the  csso  of  0/160"-PN-PSK,  tho  set  (yi  jiqI  Is  binary  as  In  the  example  (4  2  1)  In 
the  case  of  FN-USK,  the  values  )yi  ygl  are  complex  valued  and  uniformly  distributed  on  the  un't  circle, 
and  only  specific  sequences  of  such  vsiues  are  allowed  Figs  4  4  1  and  4  4  2  show  a  signal  form  Sn(t)  and  Its 
vector  components  y^n  f^r  (he  cases  0/160"-PN-FSK  and  FN-USK,  respectively  The  signs!  forms  Snd)  in 
Figs  4  4  la  and  4  4  2a  are  nop-bandllmlted  However,  the  corresponding  bandltmtted  signal  forms  will  be  only 
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•ll^tly  tflfr«r«Bt  Til*  vteur  c<MpofMitU  gan  In  4  41b  mmI  4  4Sb  nr*  nquldUtMt  MaplM  of  Uio 
•qvIvnIoflC  lev  p«M  •lcn»l  fwM  McorUing  to  (3  3  4)  Vlth  tho  chip  frogboncy  f^,  (n  tho  cm*  of  PN-PtK 
th«  bnndvldch  Baf^  nnd  In  th*  ctM  of  BM^KSK  tho  b«it4«l4th  ba0  43fe  I*  tMtisod.  Anothor  oxnaplt  of  opmd 
•poctni*  ito<luUtl»n  U  ptoudo  r«n4o«  frogconey  hopping  (PN-PII)  In  thlo  ctM  tho  iliRnl  fomo  •a(t). 
mal  M,  tro  tlnsooldtl  vlUt  •  frogaoftcy  vhlch  vtrloo  necordtng  to  PN  potunts  vlthln  tho  oisnnl  forao  (fut 
froqgoncy  hopping)  or  fro*  tignol  forti  to  otgRo!  for*  (oio«  frogvoney  hopping)  A  Itrgo  tronoaloslon 
bnndvldlh  B  cnn  bo  obtolnod  by  hopping  roUtlvoly  olowly  ovor  •  inrgo  froguoncy  rtngo. 

In  oprood  opoctrwn  rocolvort  Bo«o*g«  dotoetlon  U  porfomod  by  corrolotlon.  ooo  oloo  Pig  3  3  1.  On  nccourt  of 
tho  rolativciy  moII  M,  a  modorato  numbor  of  corrolotert  lo  oumdont  Hovtvor.  boenuM  N  to  roUtlvoly  lorgo, 
tho  ozponM  of  tho  Indlvlduol  corroUtor  U  Urgo 

ft.  ProBOfftlon  offocto 

ft  I  Linoor  two  port  wodol  or  tho_fndU  coawinlcttlon  thAMUl 

In  tho  oguivniont  lo«  poM  froguoncy  mngo,  n  radio  coaaunleatlon  channol  can  bo  doaerlbod  by  lu  lapulao 
rooponao  and  )U  tranafor  fanctlon  QCf).  ooo  og  /4/  Vlth  tho  carrUr  froguoncy  f^  and  alth  ii(r),  tho 
iapuloo  roaponao  In  tho  btndpaaa  froguoncy  rango  bocoaoa 

f(T)  . 

Tho  corroapondtng  oxproatlon  for  tho  tranafor  function  In  tho  bondpaia  froguoncy  range  la 
iff)  •  |«-<o)  ♦  I'C-f-fo). 

In  tha  folloulng  aoctlono  alvays  tho  lo«  paaa  oguivalonu  and  JJ(0  art  uaod 


g.3  Maal  radio  coawunlcatlon  channol 

Ideally  tho  tranamlttcd  olgnal  rcachcc  tho  rocolvor  antonna  on  a  alnglo  tino  Invariant  and  diatortlonloaa  path 
In  thU  caao  tho  Inpuiao  roaponao  of  tho  radio  coaMunlcatlon  channol  la 

^(r)  ■  I  d<r  >  T^)  olth  i  •  eoaat.  •  eoaat.  (S  2>1) 

ta  la  tho  btalc  aignal  delay  from  tho  tranaalttor  antonna  to  tho  rocalvar  antanna  t  >■  n  comploa  ampiltudo 
coofflclont  which  la  eharactorUtlc  for  tho  channol  Tho  argumont  arglf)  tndlcatoa  tho  rouilon  of  tho  earrior 
phase  Tho  abaoluto  valtio  ft  U  a  noaauro  of  tho  altoration  of  tho  aignal  anplltuda  In  vhat  follovt 
•  0  ($.3.3) 

la  aaaunod  ThU  aaouaptlon  dooa  not  reatrtet  tho  gonorallty  of  tho  eonaidoratlona  Inaorting  (ft  2  2)  Into 
(6  2  1)  yUlda 

ft(t)  •  t  d(f).  (S  3.1) 

Tho  tranafor  function  belonging  to  thU  ImpuUo  roaponao  t)<r)  U 

|(f)  •  t  • 

t.a  ».»l  rtdlo  c»i«»unlt»<lon  th.nn.l 

Tho  real  radio  communication  channol  may  contidorahly  dlffor  from  tho  Idaai  eno  Aa  a  froguontly  occurring 
dlfforonco,  Inatoad  of  a  alnglo  path  from  tho  tranaatUor  antonna  to  tha  rocalvar  antanna,  tharo  axlat  K  patha 
which  havo  difforont  attonuatlona.  carrier  phaao  rotations  and  doUya  /IV  Thia  altuatlen  which  (a  cauaod  og 
by  rofloetlng  objocta  In  tho  propagation  path  U  toneod  multipath  rocoptlon  Tho  Intagar  K  can  bo  much  larger 
than  one 

In  tho  moat  ilmpU  caao  of  multipath  reception,  all  K  paths  ar«  ttmo  Invariant  However.  iMi  caao  uaually 
dooa  not  correspond  to  reality  whore  tho  channel  properties  fluctuate  alih  time  In  what  followi,  flrat  time 
InvstUnt  and  then  time  variant  multipath  reception  are  considered  Purthar  InfomatTon  can  be  found  in 
/11.12/ 

In  tha  case  of  time  Invariant  multipath  reception,  to  each  of  tho  K  aignal  patha  a  eompUx  amplitude 
cooffleUnt  S](.  kal  .K,  and  a  delay  r|(,  k*!  K,  are  attributed  Vlth  these  quantities  tho  Impulse  response 
X 

fe(T)  -  £  Ik  l(r  -  rj)  (5.1.1) 

k-1 

and  tho  transfer  functlo-^ 

Ilf)  •  £  tx  15.3.2) 

k*! 

are  obtained  In  (ho  oxprotslons  <5  3  1)  and  (5  3  2).  again  tho  batle  delay  tq  has  boon  set  equal  to  xoro 
Therefore,  the  delays  r|(,  ko|  K,  are  the  deviations  of  tho  actual  delays  f'ora  tho  basic  delay  tq 
If  tho  X  patha  are  numbered  In  such  a  way  that  the  delays  incroast  monotonoualy  with  k,  the  maximum 
delay  difference  between  two  paths  la 

Tx-Ti-ri  *51.1) 

T)|  U  termed  multipath  spread  of  the  radio  coiamunicatlon  channel 

Ae  an  example.  In  Pig  ft  3  1  (he  Impulse  responee  h(r)  of  a  radio  communication  channel  with  seven  paths 
and  with 

Ik  •  1.  k  •  1...1,  (5  3  4)  Vp,  .  2(k-l).  k  *  1...7  (5.1.5) 

la  shown  With  (S  3  6).  expression  (8  3  3)  yields 
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(5. 1.1) 


Ml 


nc  6  3  2  sbft9t  for  thU  oxoap!*  th*  ro«l  port  tiA  th*  of  tho  trontfor  function  ]](f}  In  tho 

rontt  ifi  0  iMKx  It  eon  b«  soon  th«t  K(f)  nuctuotos  eonsldonbly  alth  fro^uoncy  «ni$  thot  tho  Mno  struetoro 
of  y(f)  kpproxlattoly  corrospondt  with  tho  roetproetl  vnliw 

I/Tm  •  0.06)  tax  i5.).7} 

of  tho  aultipoth  sprood 

Tho  fro^uoney  solectivo  floetuotlono  of  tho  ironsfor  function  Qlf)  ctusod  by  aulttpsth  rocoptlon  slvo  riso  to 
oaplitttdo  and  phuo  dlstortlono  of  tho  trunsalttod  sUb*Io  If  tho  sltnol  buidvidth  B  oxeoodo  a  certain  llnlt 
Such  disartloRt  have  to  bo  taken  l-to  account  If  tho  olfna)  banduldih  B  coaoa  Into  tho  order  of  tho  reclpro* 
cal  BuUlpath  spread  l/Tii  On  tho  other  aide.  If  tho  altnal  bandwidth  B  is  far  below  I/Th,  (6  3  2)  yields  a 
transfer  function  B(f)  which  can  be  coneldered  practically  not  frequency  dapondent  for  this  alsnai  In  this 
case  the  channel  la  tcraed  frequency  non-aetectlve 

The  auitipath  reception  la  tlaa  variant  If  the  properttoa  of  the  coieaunlcatlen  oedtue  and  tho  poalUone  and 
aspect  angies  of  tho  rtflecUnf  objecu  relativo  to  the  tranaultter  and  receivar  vary  with  tieta  This  situation 
can  be  Modelled  by  aaauainc  tho  ceapUx  aaplttudo  coofflclento  in  {6  9  l>  to  bo  tiao  dependent,  la 
tk  -  h(t)  ,  k  •  (6.3.1) 

By  this  dependence  on  tlao  also  tho  effect  of  tlao  variant  dolaya  can  bo  covered  as  long  as  tho  delay  va¬ 
riations  are  anal)  In  coapartson  to  tho  reciprocal  algoal  bandwidth  t/B  which  la  aaaunod  .n  what  foUowc 
Keneo,  tho  can  bo  sot  constant  as  In  tho  case  of  non  tlao  variant  auitipath  propagation.  On  account  of 
(6  3  8).  tho  laputso  rosponao  and  tho  transfer  function  bocono  tlao  dopondont,  and  tha  daaignatlona  ^(r.t) 
and  U(f.t)  are  Introduced  Also  those  tine  variant  guantitloa  are  rolatad  with  ont  anothar  by  Fourier  trana- 
fomtUon 

l(f5tl  •  I  i<»;tlo*^^"*^  dr.  {S.).»)  •  /  8(f.tlo****'  df.  (6.). 10) 

As  a  staple  oxaaplo.  a  sinusoidal  signal  with  constant  froguoncy  f^ef.  r<<fo.  and  anpUtude  A  is  fed  Into 
tha  radio  coaaunlcatlon  channel  which  is  tlaa  variant  according  to  (6  3  0)  and  (6  3  10)  This  signal  has  the 
coaplex  envelope 

i(ti  .  is.j.ni 

and  the  Fourier  transfora 

Qd)  •  14(1  •  f*)  .  (6.3.12) 

The  low  pats  equivalent  of  the  signal  received  at  tha  channel  output  takes  the  fora 
I(t)  ■  IS.). 1)1 

In  the  tlae  doaain  and 


!(f)  ■ 


(6.)  14) 


In  the  frequency  doaain  The  expressions  (6  3  13)  and  (6  3  14)  show  that  In  the  cast  of  tiao  variant  multi¬ 
path  reception  a  transmitted  unaoduieted  carrier  signal  generally  causes  a  recs)ved  signal  wltn  amplltuds  and 
phase  modulation  If  th«  transmitted  signal  It  a  modulated  bandpass  signal  with  complex  envelope  ]i(l)  and 
frequency  domain  low  pats  equivalent  yif).  the  complex  envelope  of  the  received  slgnAl  becomes 

litl  •  /  •  T|  Ir  •  J  KIlDSld).*’'*'  Jl.  IS  S.IS) 

The  corresponding  low  pass  equivalent  of  (he  Fourier  tranafom  of  the  received  signal  ^(t)  Is  ' 


1(f)  •  I  i(t)e"^*’^^  dt  •  J  /  |(i.t)I(i)e^*"'*^‘**  dx  dt.  (6.3.U) 

-•  Xi«-» 

If  the  functions  of  time  ***  3  I*'*  delays  ric  are  known,  tho  rtcelved  signal  can  bo  calculated 

for  any  transmitted  signal  In  a  deterministic  way  In  practice,  usually  ths  functions  Cjcd)  art  not  known 
However.  If  not  too  Urge  tine  Intervals  art  considered,  the  {|((t)  can  be  regarded  as  stationary  atochaatle 
quantities  with  known  statistic  paranetera  This  point  of  vlow  will  be  adopted  In  what  follows 
To  eaeh  of  the  quantitiss  Sk(t)  *  complex  time  covariaikce 

£r<k.et)  -  I  l{tk<t>ik(l  *  «t>)'  k  (6.3.17) 


can  be  attributed  The  real  value  ej(k.O)  is  a  measure  of  tho  average  Intensity  of  tho  signal  propagating 
along  path  number  k  The  absolute  value  PT(k.*t)  of  £x(k  «t}  tends  to  deeroase  with  increasing  i*ti  The  more 
rapidly  lk(t)  fluctuates  with  t,  the  faster  U  this  decline  of  PT(k.*t>  wU)i  Increasing  uti  Hsnee,  the  width  of 
^{k,«t)  with  respect  to  at  is  a  measure  of  the  fluctuation  rato  of  tho  channel  properties 
A  Nrthsr  quantity  to  characterise  stochastic  multipath  reception  Is  the  complex  frequency  crotscovarUnce 


(S  s.iil 


In  what  follows  the  attenustUns  and  phase  shifts  of  the  pith  mttl  K)  and  the  path  ndl  Ki,  n4n,  are 
assumed  to  be  uncorrelated  This  Is  ths  case  of  uncorrelated  scattering  in  this  cue,  with  the  tine  dependent 
complex  amplitude  coefficients  ***  (6  3  8), 
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»( -  *{  r  •  1 1;«+*«*^****^» )  • 

•■1  «•! 

*(  I  1  •  X  (5.3.W) 

k-l  k-1 

hoUt  Th*  •xprMvlra  (6  3  IS)  thovs  thtt.  in  th«  cm*  of  unc«rr*Uto6  •onturlnc.  £p(f|>f2.*t)  necordlnt  to 
(5  9  >9)  do««  not  dopond  on  tho  fro^uonelM  fi  ond  t2  bot  only  on  thtir  dlffortnct 

«f  -  fl  -  f2  •  (S.S.30) 

By  oubtUtotinc  (6  3  IS)  tnd  (6  3  20). 

iiy(*l;*t)  -  -iSi - j -  (5.3.21) 

I  £T(k;0) 

k>l 

it  obuined  front  (6  9.16)  For  vnnlshfnt  *f  nnd  «t  tho  vnluo  of  £f(«f,At)  l«  ono  ThU  vtluo  1*  nUo  tho 
atxiaani  abooluto  valuo  pf(«r.*t)  of  £p(*f,ot)  If  *t  lo  host  to  uro  and  Ufi  It  incroaaod.  ^(*(,0)  firtt 
docroaaot.  »tth  a  aubto^uont  tranaJtion  Into  non  or  loot  Irrtfolar  flucluatlont  Utually  an  oxpllslt  naln  lobe 
of  i»p(*f.O)  with  nspect  to  «f  ean  bo  tuted  (6  3  21)  thovi  that  the  conpitx  frequency  erotteovarlanee 
£f(*r,«t)  and  tho  complex  tSoo  covartoneo  grOc.^t),  except  for  a  nonaalltation.  are  related  by  Fourier  trant- 
fwmatlon  With  retard  to  rar|  which  It  npreeontod  by  k  in  £T(k.*t),  the  funcitona  g|<k,«t)  cover  a  tine 
Interval  of  duration  Th,  tee  (6  3  3)  Therofon.  tho  nutin  lobe  width  of  the  frequency  erotteovarlanee  epM  0) 
with  retpoct  to  tf  la  In  the  order  of  1/Th  1*  aaiall.  the  fluetuailoni  of  li(f.t)  at  a  function  of  f  are 

iota  frequent  than  in  the  cate  of  larfor  Th 

For  a  tlvwn  «f,  tho  abtoluto  value  pp(Af,et)  docroatea  with  Increaalnc  i*ti  and  tendt  towardt  zero  The  fatW 
the  radio  connunicatlon  channel  fluctuatet,  the  faator  thlt  decline  The  reciprocal  value  of  the  width  of 
pplO.At)  with  retpoct  to  ^t  it  an  approximation  of  the  Doppler  tpread  Bo  /II/  which  quantiflet  the  apectrai 
eldcninc  of  a  tine  ti|nal  by  tho  time  variant  multipath  channel  The  width  of  pp(0.*t>  with  retpect  to  at  It 
approximately  the  tine  which  eltptet  until  the  propertlea  of  the  radio  communication  channel  have  completely 
titered  The  product 

I  •  ThBd  (5.3.22) 

of  tho  multipath  spread  Tu  and  tho  Dopplor  opread  Bd  lo  urmed  tpread  factor  /ll/  It  It  dotIrabU  that  the 
tpread  factor  L  It  tmall 

A  piautiblo  attumptlon  for  tho  probability  donolly  functlont  of  the  complex  amplitude  coemclentt  £)((t)  It 
that  their  real  and  Imsflnary  parts  are  ttatletically  independent  Cauatlan  variables  with  zero  laean  value  and 
with  the  vartaneet  ejc*.  k*!  K  The  followlnc  contlderailon#  are  bated  on  thlt  attuapUti  With 
•  ikr  *  k  •  1...X,  (5.3.23) 

fok  the  Joint  probability  dontUy  functions  of  tho  real  and  Imaclnary  parts 

p(l»r!*Hl  •  .«p(-(fkl  •  •kJ>/(l.{ll  »  •  1— «  (5.3. Ml 

It  obtained  Concerninc  the  fluctuations  of  the  coefAclentt  process  with  the  two  tided 

spectral  power  density 

Sk(()  •  Fk  •  k  •  1...K  (5  3  25) 

It  presupposed  in  thlt  expretilon  Nk  Is  a  constant  which  ts  typical  for  each  k  is  assumed  equal  for  all 
k  Then 


•k  ■  •«  "k  ■  ‘  (5.3.361 

holds  Insertlnq  <6  3  261  Into  (6  3  17)  yields 
tln("So«tl 

.  e|  — — -  ,  (5  3  27) 

By  subttltutlnc  grlk.et)  accordinc  to  (6  3  27)  Into  (6  3  21)  one  obtains 


(5  3  21) 


Bo*0  6  khz  and  with  the  further  data 


k  12)4567 

12)4321 
0  2  3  5  7  11  12 

Table  6  3  I  Data  of  an  exemplary  radio  communication  channel 


I  .j 


=  'k 
k-l  * 

In  what  follows,  as  an  example  a  communication  channel  with  K*?. 
shown  In  Table  6  3  1  Is  considered 


For  this  channel  Fl|  6  3  3  shows  the  real  and  Imaginary  parta  of  ey(«f,0}  versus  *f  It  can  be  recoinittd 
that  the  main  lobe  width  of  er(»{,oy  with  respect  to  *f  has  the  order  of  the  reciprocal  multipath  spread 


I/T||kO<M3MKz  Fit  A34  •*  for  th«  chiano}  £p<0.«t)  m  a  function  of  *t  Purely  real  valuoc  art 

obtained  It  can  bt  stated  that  the  reciprocal  vaiae  of  the  «ldth  of  £f (0  «t)  «lth  reepect  to  «t  la  on  the 
order  of  llo*0  6  kHz  Hence,  the  bandwidth  In  (6  3  2d)  approtlnately  correaponda  to  the  Doppler  spread  Dq 


daaed  on  (dSl)  and  (6  3  8)  the  e^ulvatent  low  pats  ■odel  shown  In  Pl(  S4  1  can  be  eatabllshed  for  the 
nuUlpath  radio  coaiaunleatlen  channel  This  aodei  consists  of  a  delay  line  with  K  taps,  of  K  multipliers  and 
of  a  summlnt  device.  The  distance  of  the  K  taps  from  the  input  of  the  delay  line  corresponds  to  the 
propagation  delays  r|(,  k*!  K  The  aiultlpllera  multiply  the  tap  signals  with  the  complex  amplitude 
coefftcienta  2)((t).  The  summing  device  adds  together  all  K  products  The  model  shown  In  Pig  d  4  1  Is  a  time 
variant  transversal  filter  The  Impact  of  multipath  prcpagatlon  on  the  transmitted  signal  forms  >• 

eoulvalent  to  transmitting  the  signal  forms  Bm(t)  over  this  filter  By  the  filter,  the  transmitted  signal  form 
Is  transfonaed  Into  the  signal  form 
g 

v^<t)  •  15.4.1) 

which  Is  available  at  the  receiver  imput 

In  section  6  3  the  Doppler  spread  Bg  of  tho  radio  communication  channel  has  been  Introduced  The  larger  the 
Doppler  spread  Bg.  the  more  rapid  the  fluctuations  of  the  panmeters  of  the  transversal  filter  If  the  duration 
T  and  the  bandwidth  B  of  the  used  signal  form  set  <si(t)  S||(t)i  fulfill  the  conditions 
T  «  1/1^  (5.4.3)  and  B  »  B^,  (5.4. 3) 

the  time  varying  parameters  of  the  filter  can  be  considered  constant  during  the  transmission  psriod  T  of  each 
algntl  form  Sa(t)  Therefore,  the  time  variance  becomes  manifest  only  In  a  change  of  the  filter  parameters 
from  signal  form  to  signal  form  The  time  variance  la  caoaed  by  movements  of  the  transmitter,  of  the  receiver, 
of  reflecting  objects,  of  atmosphere  Isyere  etc.  Thoee  proceeses  are  relatively  slow,  and  a  rtasonabls  maximum 
valus  of  Bg  would  be  eome  kHz.  On  the  other  tide,  in  modem  communication  systems  frsqusntly  T  Is 
considerably  below  1  me  and  B  Is  conelderably  larger  than  )  kHz  Therefore,  the  condltlone  (d  4  2)  and  (6  4  3) 
are  ascumed  to  be  fulfilled  In  what  follows  If  these  conditions  are  not  fulfilled,  the  transmitted  signal  forms 
are  altered  by  the  channel  to  such  an  extent  that  auccessfuil  detection  at  the  receiver  Is  scsrcsly  possible 
Bssldss  tha  Doppler  spread  6g.  snothsr  Important  global  parameter  of  the  multipath  channel  is  ths  multipath 
apread  T||.  oee  (6  3  3)  Vlth  rsgard  to  the  channel,  a  set  of  signal  forms  <S)(t)  sn(t)>  with  bandwidth  B  can 
be  classified  as  narrow  band  or  wide  band  according  to  the  following  criterion 

I  <<  l/Tg  narrow  band  (a),  B  »  l/Tg  ^  vide  band  (b).  (5.4.4) 

Sets  of  signal  forms  which  fulfill  none  of  the  conditions  (6  4  4)  are  medium  band  sets  In  what  follows,  the 
explicit  narrow  band  and  wlds  band  cases  are  considered  In  this  coniiderttlon  It  is  assumed  that  the  complex 
amplitude  eoefflclents  BK<t)  are  zero  mean  Csussisn  variables  according  to  <6  3  24)  and  that  nil  K  coefficienu 
|k(t)  have  e<iual  variance.  I  e 

Vj  •  *0.  k  •  (5.4.51 

The  Interference  is  aasumed  to  have  constant  t«o  sided  spectral  power  density  No/3  within  ths  bandpass 
range  P  of  the  set  of  signal  forms  Ut(t)  si|(t)>  and  to  bs  CaussUn,  sea  (3  1  3)  and  (3  l  4) 

In  the  narrow  band  case,  see  (6 4 4s),  all  K  tap  signtls  In  the  filter  shown  In  Pig  64  1  are  practically  equal 
and  cannot  be  Individually  IdentlOed  at  the  filter  output  Hence,  the  appreximaiton 
a,(t  •  r^)  •  a^lt)  (5.4.4) 

Is  adequate.  Substituting  <6  4  4)  into  (6  4  l)  yields 


1.(0.  I  uv- 


If.  In  the  sense  of  optimum  detection,  VqCt)  Is  correlated  with  2ba(t>  at  the  receiver,  a  correlation  signal 
having  power 

I  P  ,  I '  !* 

1  **  *•"’  *'  ■  ‘  (kf,  I 

■111 

Is  obtalnsd.  with  Cr,  ths  energy  of  the  slgiisl  fores  8n(t).  see  (2  3  9)  The  power  of  tho  Interference  at  the 
correlator  output  Is 


"o  I  ■  **.’»• 


Prom  (6  4  6)  and  (6  4  9)  follows  the  SNR 

2  ,  t  ,3  I  * 

'  ■ «;  I, I, «.  I '  <«.v  ■  I,;,  tkl  »■*  >«i 

St  the  correlator  output  If  the  signal  fora  Sja<t>  Is  transmitted  The  sum  in  (6  4  10)  consists  of  K  random 
variables  Sy  Thsrsfere,  7  Is  also  a  random  variable  In  the  cast  considered  here,  I  e  zero  mean  Gaussian  fk 
with  variance  •q*.  the  expectation  and  variance  of  7  can  be  calculated  In  closed  form  /|3/ 
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2  1  2  4 

K<7)  .  7  -  ^.3*4,  <5.4.11)  *04  ?»rlT«  •  <s-*)*-4r#o.  {5.4.13‘ 

®  "o  o 

tn  th«  «ld*  btn4  cam.  <5  4  4b),  tb«  sinbimetUon  (5  4  4)  !•  ne  lonc«r  Th«r«for*.  the  eltne)  fono 

kt  the  receiver  Input  la 

K 

!;(t)  •  S^(t  -  *^)  (5.4.11) 

If  the  tlfinal  fent  yii|(t)  U  tranealtted  tn  the  wi4e  band  cm#  exleu  the  poeelbltli)'  to  Identify  the  Individual 
up  citnale  at  the  filter  output  by  properly  deelcned  receivers,  and  to  exploit  thle  Icnowledfe  to  combat 
degradation  due  to  multipath  reception  Ae  e  baele  for  euch  an  Identification,  the  actual  channel  impulse  ree- 
ponte  ]j(t)  can  be  eatlmated  by  aoundtng  elgnate  /14/  tf  the  actual  channel  Imputee  response  li(r)  is  knovn  at 
the  receiver,  the  receiver  Input  signal  Vat(t).  In  the  sense  of  optimum  detection,  can  be  eorreieted  with  the 
exact  reference.  In  practice,  euch  e  receiver  may  conelet  of  a  bank  of  matched  filtere  for  the  signal  lorme 
jtiaft),  stBl  U  The  output  algnal  of  the  m-th  matched  filter  hae  peake  proportional  to  ||  2k  time 

Insunu  r|  vk  *ltnal  Xn(t)  according  to  (6  4  16)  la  received  Ve  get  an  optimum  detector  for  a  multi¬ 

path  radio  communication  channel  by  sampling  the  output  signal  forms  of  the  M  matched  filters  at  the  time 
Instants  ei.  tk,  by  multiplying  these  samples  with  2|*  tK*>  A^d  by  calculstlng  the  sum  of  those  weighted 
semplee  to  obtain  the  tetel  correlation  signet  Such  a  receiver  hee  been  termed  a  RAKE  receiver  /i6/ 

AS  a  presupposition  for  the  eorroletlon,  the  wide  bend  elgnel  forms  unit),  m*!  H,  ere  assumed  to  have  a 
narrow  autocorrelation  function  without  sideloboe.  I  e 


I  ,  nut . 


whero  Bn  la  again  the  energy  of  the  signal  form  sn(t>  Then,  the  total  correlation  algnal  has  the  power 


/  ( I  tk  «.<•  -  %’](£, 


I  •!  1  9.ltl  Jlltut 


The  power  of  the  interference  Is 


'« likii  •'  *•''  ■  ’‘'I  ‘‘  ■  “•’»  k!i 


Prom  (6  4  16)  and  (6  4  16)  the  SNR 


n  I  j 

.  •  — r  i* 

"o  kii  ‘ 


Is  obtained  Also  In  the  wide  band  case,  t  Is  a  random  variable  The  sum  expression  In  (6  4  17)  coniliu  of 
Rayleigh  distributed  quantities  of  equal  expectation  and  variance  Also  tn  this  case,  the  expectation  and 
variance  of  r  can  be  calculated  /I3' 


A  comparison  of  the  expressions  (6  4  II)  and  (6  4  19)  shows  that  the  average  SVRs  are  equal  In  the  narrow 
band  and  wide  band  case  A  compsrlson  of  the  expressions  (6  4  12)  and  (6  4  IP)  shows  that  the  variance 
Vanr)  of  the  SNR  In  the  *lde  band  cate  Is  smaller  than  In  the  narrow  bind  case  by  a  factor  of  K 
it  Is  well  known  that  the  symbol  error  probability  P«  for  a  Hxed  average  SNR  to  >a  all  the  smaller,  the 
smjlltr  the  fluctuations  of  7  around  to  A  manlfesttUon  of  this  fact  Is  the  increase  of  Jamming  efftciency  by 
pulse  Jamming  Instead  of  CW  Jamming  >9/  Conseque.ttly.  for  equal  average  SNR  tq.  tne  aymbol  error  probability 
in  the  wide  band  caae.  on  account  of  smaller  variance  Var(r>.  la  amaller  than  In  the  narrow  band  caia  Thia 
will  be  llluatrated  by  an  example 
The  case  U  equsl  2  and 

Sj(t)  ■  -ijlt)  (5  4.30) 

Is  considered  In  this  case,  with 

>■  *  I.  a  ■  1,2.  (5  4.31) 

the  following  expressions  are  obtained  for  the  symbol  error  probabilities  /6/ 


(Ideal  cbsaael.  narrow  bead 
or  vide  band  systea) 


■>  I  (Mlti9«tk  eku&tl,  ftirtov  k«&4  tyitM) 

(S.4.23) 


r  •  (4^  (4^)^  (MltlHtk  cbuMl,  vidA  »4&4  •y«tM> 

•  *  VbA  *  * 


••  '*■  ,.o-  ‘ 

'  2  ' 

<S  4.24} 

Vlth 

M  •  >/  T^/(2R  ♦  7^1  . 

($.4.2$) 

In  Pic  6  4  2  Pe  vmut  To  !■  4«pict«d  for  th«  thro*  «•«*«  <S  4  22).  (5  4  23)  ond  (6  4  24)  It  con  bo  oUtod  that 
tho  aynbol  trror  proboblilty  l«  nlnlnun  for  tbo  Idool  chonnti  Indopondontly  of  tho  oyoten  boing  norrov 
bond  or  «ldo  bond  for  tho  nultipoth  cbonno),  ttio  «ldo  bond  •yatoa,  due  to  ite  lover  oymbol  error 
probability  f«,  boe  o  door  odvonuct  over  the  norrov  band  oyoten 
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Fig.  2,1.1,  Basic  structure  of  the  N-ary  connunlcatlon  system 
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received  Message 
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FI9.  2.2.1.  Physical  stmcture  of  the  H*ary  radio  co«#unlcatlMi  systefi 
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FI9.  2.2.2.  Constellation  of  the  bandpass 
ranges  which  fore  the 
total  bandpass  range  F 
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Fig.  2.2.3.  Fourier  transfoni  of  a  narrow  band  signal  fo»»  s  (t)  of  duration  T  and  carrier  freguenc/  f. 


Fia.  3.2.1.  CorrtUtiOrt  tfttector 
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ri9.  5.3.1.  InpuUe  response  |}(r)  of  a  radio 
conaunicatlon  channel 
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1.2.  Real  and  laaginary  parts  of  the 
transfer  function  H(f)  of  the 
channel  with  h(t)  according  to 
fig.  5.3.1 


3.  Real  and  laiaglnary  parts  of 
f^(af,0)  versus  *f 


fig.  5.3,4.  /p(0,*t)  as  a  function  of  *t 


CARACTERISnQUES  DES  CANAUX  UTILISES 
POUR  LES  TRANSMISSIONS  A  GRANDES  BANDES  SPECTRALES 
PartJe  1 :  MODELISATION  DES  CANAUX 
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CHARACTERIZATION  OF  CHANNELS  USED 
FOR  WIDEBAND  TRANSMISSIONS 
Part  I :  CHANNELS  MODELING 

CGOlfTELARD 

Laboratolre  d’Ctude  des  Transmissions  lonospMriques 
University  Paris>Sud 


RESUME 


On  examine  dans  cette  prenuire  partte  les  canaux  de  transmission  de  I’eimronnement  terrestre  que  Ton 
caractdrise  par  une  moddUsattoo. 

Apris  avoir  rappei6  les  phdDomynes  directeurs  de  la  propagation,  la  moddlisation  nutthymatique  gdnyrale 
est  dycnte 


L.  GENERALITES. 

La  propagation  dans  Teii/lronnement  terrestre  se  fait  k  travels  un  milieu  nature!  sur  lequel  i‘bomme  n’a  pas 
ou  a  tris  peu  d':ii£iuence  D  dott  I'accepter  comme  U  s'unpose  ei  cornger  les  effets  gftnants  qu’il  introduit 

Dans  la  partie  infyneure  de  I'atmosphire,  ia  troposphere,  k  laquelle  on  assigne  une  altitude  maumale  de 
I'ordre  de  lOkm,  ta  propagation  est  essentieilement  influencde  pax  la  tempyratuie,  la  pression  et  ia  teneur 
en  vapeur  d’eau  qui  modifient  I'indice  de  refraction  et  par  les  diff6rentes  molecules  et  qui,  k  panir  de 
22,3GHz,  iniroduisent  des  raies  d'absorption  entre  lesquelles  des  fenitres  de  propagation  apparaissent. 

Actuellement,  les  fenitres  35GHz  et  94GHz  sont  exploitees  Les  pariicules  cn  suspension,  les 
hydromeiyores  font  apparaitre  des  phenomines  de  diffusion  et  entrainent  des  absoiptions  qui  peuvent 
devenir  tris  importantes 

Ces  effcts  s’aitenuent  en  fonction  de  rallitude  et  devieruienl  faibles  dans  la  misosphere  cl  tris  faibles  dans 
la  stratosphere. 

A  des  altitudes  supeneures  k  environ  55km,  I'lonisation  des  molecules,  provoquec  csscnticllcmenl  par  Ic 
rayonncmcnt  solaire  change  I’eiat  du  milieu  qui  devient  fortement  dispersif  et  dont  I’indicc  devient 
mfeneur  k  1  A  cette  altitude  commence  rionosphire  qui  s'eicnd  jusqu’i  plusieurs  rayons  terresires,  zone 
de  joncoon  avec  rexosphire, 

Le  sol  coiistituc  une  surface  de  separation  oC  des  phenomines  complexes  prenncni  naissance. 
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Mi$  i  part  le  cas  encore  excepponnel  de  commumcation  entre  des  engtns  mterp!an6uures  ou  interstcllaires, 
les  ondes  transitent  &  travers  une  ou  plusieurs  des  zones  qui  viennent  d'etre  d  jfimes. 

Les  phinomines  de  propagation  particuliers  qui  r^gusent  ia  propagation  des  ondes  font  qu’ellei  subissent 
des  deformations  qui  nuisent  ft  leur  bonne  transmis^on.  L’eiar^ssement  des  bandes  utilisees  est  rendu 
necessatre  pour  cert^nes  categories  (fapplicatioiu  omrse  le  radar  ou  la  radionavigation  afln  d'acaottie  ia 
precision  des  nesures,  ou  pour  ameiiorer  Tefficaote  des  transmissions. 

Cet  eiargissement,  outre  ies  problftmes  de  brouillage  qu*il  entrame,  donne  aux  imperfections  du  canal  des 
aspects  particuliers 

L’objectif  de  cette  presentation  est  de  signaler  tes  effets  et  de  rappeler  les  mcdeiisations  adoptdes  pour  le 
canal. 


II.  .  EFFKTS  nils  A  LA  PROPAr.ATIC^N  ♦ 

Une  enumeration  des  effets  «ist  cffectuee,  sans  detaiUer  ies  causes  qui  sent  reprises  dans  les  presentations 
specifiques  du  cycle  de  conferences 


Les  propagations  se  font  rareme  de  remetteur  au  recepteur  par  un  seul  trajet,  mais  le  plus  soovent. 
par  differents  chemtns  ouverts  ft  I’onde.  Chaque  trajet  est  caractense  par  son  temps  de  propagation  et 
le  decalage  doppler  qu'i)  subit  ft  cause  de  la  non  stationante  du  milieu  de  propagation  ou  de  la 
mobilite  des  extremites  de  la  liaison. 

Les  retards  les  plus  importants  sont  obtenus  dans  tes  liaisons  ionospbenques  dont  la  figure  la  donne 
un  exemple  sur  une  liaison  de  600km  ns  sent  de  Tordre  de  quelques  millisecondes  et  peuvent 
atteindre  10ms.  L'existence  de  ces  trajets  r6suhe  de  la  reflexion  des  ondes  dans  les  diff6rentes  regions 
de  I’lonosphire  E  ou  F  et  du  nombre  de  bonds  pouvant  assurer  ia  liaison. 

Dans  les  communications  en  zone  urbaine  qui  fonctionnent  ft  des  frequences  de  plusieurs  certaincs  de 
MHz,  et  dont  la  figure  lb  donne  un  exemple  [1),  les  retards  sont  de  quelques  n  secondes  et  peuveol 
atteindre  10  ys.  Ces  trajets  sont  causes  par  les  reflexions  sur  le  sol  ou  sur  Ies  obstacles  proches  comme 
ies  immeubles 

Le  tableau  1  resume  les  principaux  types  de  liaisons  et  leurs  caractenstiques. 

L’elfei  des  trajets  multiples  est  d'lntroduire,  par  les  im^ifercnces  entre  les  differents  rayons  regus,  des 
fluciuauons  du  signal  Ces  fluctuations  sont  caractensCes  par  des  lois  de  variations  de  types  Rice, 
Nakagami  ou  de  Rayleigh 


TABLEAU  1 


Types  de 
liaisons 

Gammede 

frequences 

Etalemeotdes 

retards 

Causes 

liaisons 

iooospberiques 

3'30MHx 

Sms  5  10ms 

Modes  de  propaga¬ 
tion  reflexion  sur 
les  regions  E-F 

liaisons 

urbames 

typiquemeot 

5  fts  <  lOits 

Reflexion  sur 
tmmeubles 

Faisceaux 

Hertziens 

10  GHz 

10  ns 

Reflexions  sur  le 

sol 

liaisons 

Sol  Air 

3MH2-1GHZ 

10  ns 

Reflexions  sur  le 

sol 

Liaisons 

satellites 

143jGHz 

99  ns 

Inhomogeneite  de 
rionospshire 

Diffusion 

tropospherique 

quelques  GHz 

300  ns 

Heterogeneite  de 
Tatmosphire 

Reflexion 

meteoriuque 

<60  MHz 

Souvent  il 
n*txiste  qu'un 
trajet 

Reflexion  sur  les 
trainees  lonisees 

La  di$per$iviti  due  4  ia  variation  de  la  foncuon  de  transfert  en  foncticn  de  la  frequence  est  causae  par 
les  trajets  multiples  et  par  la  silectivit6  de  certains  pbinomines.  Le  plus  important  est  la  variation  de 
rindice  de  refraction  de  rionospbire  qui  est  fonction  de  la  frequence,  mats  Jes  phenomenes  de 
diffusion  et  de  diffraction  sont  egalement  •  4  un  degre  moindre  en  general  •  dispersifs 


La  polarisation  des  ondes  vane  lors  de  la  propagation  soit  4  cause  de  reHcxjons,  de  diffractions  ou  de 
dif^isioQS  qui  modiflent  les  polarisations,  soit  4  cause  du  milieu,  comme  c‘est  le  cas  dans  i'lonosphere 
oO  Tanisotrepie  due  au  champ  magnetique  terresire  induii  deux  modes  de  propagation  -ordinaire  et 
extraordinaire-  qui  se  propagent,  dans  Ic  cas  general,  selon  des  polariations  elliptiques. 
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tt4.  ABSOMTIOW  ?<ON  Sfl  jr^nTVK-  NON  STATinM,Jll^B 

Da  Asoipaons  non  rfkciim.  c-^.* Jire  XfecUuK  u«  U.*.  bande  WquenUdle  se  produistnt, 
parfoa  «VM  des  vanidoiB  r»pid«.  U  «  te  piut  upique  fsi  oey  d«s  liaisons  mobiles  oO  le  siraal 
peal  Ouctuer  en  fonction  des  effeB  de  ma5<)ne  das  au  relief,  mais  n  peat  «tre  caasd  par  des  iraicB 
muWplet  dont  les  retard  reUiib  soni  iaiblei  vis4^  de  I’inveise  de  h  bande  da  signal 


m.PHENOMENES  paiiT|fan,|PB,«i 


Des  pMnomines  particuliers  apparaissem  caasds  par  des  anomaiies  da  miliea  de  propagatioa  Ainsl 
obsenre-Mn  des  changemenls  brusques  de  la  phase  dans  les  liarsons  lonosphdriqaes  sous  Putfluence 
de  perturltttions  d’origine  solaire.  Dans  les  baisons  an  voisinage  du  sol  des  modes  peuvent  appralire 
par  rdflexi'on  $ur  un  mobile  cn  mouvementa 

Ces  pbdnombnes,  bien  que  varids  peuvem  finalemen!  dire  ddcnis  par  un  moddle  gdndral  lindaire  et 
non  suUonnaire.  Nous  donnerons  une  dd6nition  de  ce  moddle  et  nous  pourrons  en  ddduire  la 
cmct^risatiOQ  des  canaux. 

On  ne  considerera  pas  les  phdnomdnes  paiticuliers  non  lindaires  teb  que  I'lntemiodulation  par  effet 
Luxembourg  ou  la  modiBcation  de  I’ionosphdre  par  chauffage  dlectromagndtique 


111.  aMQDELlSATtON  PFnS  CdNAIlX  LlNEAlBF-q  non  STATIONNainiru  ■ 
nil.  DEFINITION 


Ces  canaux  sont  reprdsenids  par  un  Elite  lindaire  dont  les  caractdristiques  sont  variables  dans  le 
temps. 


Au  voisinage  d’unc  frequence  fo,  I’cnvcloppe  complcxe  du 
signal  de  sortie  s(t)  cst  lidc  &  cclle  du  signal  d'entr6e  e(t)  par 
I  enveloppe  complexe  de  la  riponse  iinpuIsionnelJc 
bitempoKlIe  du  canal  h(t,r): 

•(t)  -  «(t  -  t)  h(tgt)  di 


(1) 

h(lr)  est  ddfinie  eonune  Pampluude  complexe  k  Pinstint  t  de  la  rdponse  du  canal  i  une  impulsion 


oj(t>  >6  (l  -  .)  ,  ‘ 

La  rdponse  du  canal  i  une  impuU™  d'emrde  dmisc  i  I'insiant  tl  et  d'enveloppe  complexe : 


y(t)  -  6(t  -  t,) 


estdoocdonnteptf 


(1-b) 


|(t)  -  h(t,  t  -  t,) 


comme  ie  montre  directemeot  U  reltuoa  (1). 

Si  le  caul  e$t  ttadoouire  h(t,r)  est  invariant  dans  !e  temps  et  b(t,t)  «  bo(r)  est  la  r^nse 
inqwlsioDnelle  dassique  du  eauL  La  relation  (1)  s*toit  alors 

»ft)  -  e  eu)»^l^t) 

oit  x(t)  *  y(t)  denote  le  produit  de  convolution  •  ou  intigrale  de  convolution,  entre  x(t)  et  y(t). 

II  est  habituellement  donni  une  description  du  canal  4  Taide  d‘une  hgne  4  retard  reprdsentie  sur  la 
figure  3. 

w 

Le  signal  de  sortie  est  doling  par  la  relation  s  Ar).  hftyndr).^t 

Aa.N«« 


qui  doone  bien  Texpression  (1)  en  introduisant  I'int^grate  de  Riemann.  Dans  le  cas  ob  les  signaux  soot 
causaux  alors  (1)  peut  se  riduire  i 


s(t)  =  /  t(t'V)  \ylt,T).)v 

inXJRANSFORMEES  DE  FOURIER  DEIAREPONSE IMPULSIQNNELLE  fll 
m^l  DESCRIPTION  RETARD  nOPPIf.R 


Si  Ton  introduit  la  transform^  selon  t  de  la  reponse  impuHionnelle 

*  J  hi't,  ^  it 

y  t 

quenousnoteions  P  { y,  >  hit^t) 

I  /  jtrvt 

»v«c  n(t,r)B  I  D(>', c;,  e.  iv 

Alor/  sli)  "  JJ  ^(t~v).D{y,T),e^  JyJr 

t  y 
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OO 


it'iioUrA  li  /uite 


.y.})  J* 


La  reUdofi  (3)  montre  que  s(t)  peut  itre  repr^sMti  comme  une  sonune  de  iignaux  retard^  affectis 
d'uQ  effet  doppler  tt  pond^is  par  la  fooctioa  D(y,  r)  appelie  fonctioa  de  diffusioD  qui  reprdseote  la 
di$perstvit^  temporelle  et  fr^quentlelle  du  canal 

Si  on  cboisii  un  signal  d’dmission  impuUionnel,  alors  d’apris  (l>b) 

•j(t)  -  h(t,  r  -  t  -  t,)  -  ■iCt,  t.) 


et  d'apris  (2) 


0(*,  t)  •  a  i  (t,  t  -  t)  •  ^  *  dt 

La  foocuon  de  diffusion  se  determine  done  par  la  transform^e  de  Founer  d'un  ensemble  de  r^ponset 
du  canal  i  une  suite  d'impulsions. 

Les  fooctioAS  reprdsent^es  sur  la  figure  1  sont  des  fonctiom  de  diffusion. 


ni.12.  DESCRIPnON  TCMPQRELLE  FREQUEffHELLE 

St  Ton  ddfinit 

E(0  ~c(l) 

H{1.0'-Ih(I.r)  (4) 

Alors,  apris  un  calcul  simple 

«(t)  -  S,  K(f)  « 


(5) 

Cette  relation  qui  relic  le  signal  de  sortie  au  spectre  du  signal  d’enirfe  permet  de  raesu'er  faalemeni 
la  foncuon  de  transferl  du  canal  variable  dans  le  temps.  La  relation  (S)  suggtre  en  effet  de  poser . 
S(t,0-E(0H(1.0 

oCt  S(t.O  est  le  spectre  instantani  du  signal  de  sortie 

La  fonction  de  transfer!  du  canal  est  alors  obtenue  en  imettant  un  signal  k  spectre  iiniforme  sur  la 
bande  itudiie  E(0  ■■  Eo  et : 

S(t,0«EoH(i.0 
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Lx  ^ure  4'd(mne  un  exei^rfe  de  foo^on  de  trtiftsfert  mesurie  sur  uoe  Uaison'ionospUrique  de 
MOOtap],  T-  -  '.s'  i 

mA?.DEsdtiimm<Fi>EOUBrriiS»F.-ixM^ 

DeUreIatiofl($) 


'^pdsut 


^ors  S(()  k  I.  E  (f- v)..  r^V,  f-y).  J  V 

ry 

F(  V  ^  relie  le  signal  de  sortie  au  signal  d'eotrde  dans  le  domaine  bifr^quentiel  et  apparalt  de  fa^on 
duale  avec  b(t,r)  qui  rdalise  les  mimes  grandeurs  dans  le  domaine  bitemporel  On  peut^  figure  5, 
dtablir  ^ur  F(y  »f)  un  schinia  si^aire  au  schima  ^  figure  4.' 

U  est  simple  de  voir  que  F(  y  ,0  w  la  transformie  'de'Fcmiier.’p'ar  rapport  k  t,  de  la  foncdon  de 
diffusion  D(ri  y  )  si  bien  que  h(t,f)  se  trouve  lid  aux  djffdrentes  transformdes  selon  le  modile 
scbdma^  sur  la  figure  6. 

Cette  notion  dtablie  ^ns  le  ca^e  simple  d’un  sign^  complexe  se  transpose  simplement  dans  le  cas  de 
signaux  multidivjenslonnels. 


:F<(„;fyZ~Li  hd.r)- 


IIU.  MQDELES  ALEATQIRES 


Lorsque  les  cuutu  prdsentent  des  variations  ^datoires,  U  devieol  nice^re  d’en  dormer  une 
reprdMotatioa  statisti^e.  On  utU^  en  gdnd^  une  m^dliutipn  au  second  ofdre,  qui»  si  ejle  est 
compldte  pour  les  signaux  gaussiens  est  souvent  panielle  ^ur  les  signaux  rdels. 


Le  $1^  re^  est  cara^ifisd,  au  semnd  ordre  pau  lai  corrdlalion  temps  retard 

oil  csl  I’esiKiruice  iMthiiiuiiiiue 

etd’«prts(l)  I,  . 


24. 


-00-  -  . 

/  Si  let  pT0pn6Us  du  tigoal  et  du  caiitt*^iOB!  IwvuaW  trtE^tkw  dam  le  tenpt,  oh  dit  que  le 
sysUme  ett  stttiooaaire  et 

0h4t«t-t* 

propridtds  du  auul  Mot  <Iom  dtoites  par  r||(^  r,  t’*\r^  qui.est  U  fqnction  d’autooorriUtion  de 
reovelqppe  oo^lexe  de  la  rdpoose  impul^^Ue  du  cai^' 


Let  m£me  coauddraUofis  peuyeat.fttre  aux  traitsfonih|es  de'Fourier  de  b(4f)  difimes 

pr^cddefflment,  et  on  montre  ^e  let  corr^iatiODt  T^,  Ty  det  transfonndes  H»  F  toot  relives  par 
det  traosformiet  de  Fourier  h  deux  dinieosioas  teton  le  schema  repr^ntd  sur  la  figure  7. 


lik  caoaux  ne  soot  jamait  stationnaire^  malt  ri  on  ^ut  I»  coosidirer  comine  tels  pendant  une 
pdriode  de  temps  ddfinie,  on  dit  qu’ils  te  soot  au  sens  large  (Wide  Sense  Stationary  *WSS*). 


Dans  <xs  conditions 

p,t') 

.deiMme  .  Hi  as  fO-  ■ 

elonmomreque  Ip  (».*'»•'/>”)«  J (VrV'X  tx  (P/rJ>") 

-  fx  (P,P', >")’■=  y  Ti,  Hit). 

reprdseote  une  density  spectrale  de  puissance. 

Dans  un  certain  nombre  de  cas,  on  considire  que  les  trajets  multiples  sont  d^con^lis.  Cette  hyjwthise 
estvalable  pour  les  cas  oh  les  trajets  multiples  peuvent  6tre  s^paris. 

}M  caoaux  sent  alors  qualifi^  de  sta'tionn^res  au  sens  large  i  difliiseuis  non  corrdids  (Wide  Sense 
‘  Siatiot^  Uncoirelated  Scattering 

bnmomrcaloisquepj  ri,^dft,c,cO  »  B,  r^.  J/r-cO 

Tr  «  Pm 

Tp  (t,T',y,y')  X  Pp  (z,y).Siy-y).  f  (r-  r') 

Riff.ff.t.v)  =,  Ph  ^aF;<!0 


oOif-f-r 
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-  Le$  fooetions  P  apptuniinent  cocune  6et  density  et  $c«k  rtUto  entre  elles  par  le  sdi^ma  bloc  ie  la 

’■  Cm  de^ir^  relatic^  mootreat  qM  le  caoal  es)  cc^dd)^  dans  ce  noodile  tiattonnaire  au  sens  lairfe 
datt  les  doWioM  temporel  et  frdquea^l  Dans  rejp^-(  y  »r).la  fonctkm  de  diffu^  est 
rq>^Btie  par  dti  de  Dirac  dans  Tespace  dM  reta^  puUque  les  trajets  soot  suppo^ 

<^r7dlds. 

'  I^cene  coQ^tt^^  d^cbulent  Im  fdsultatt  . 

La  reUtipn  en^e  r|}(a^  At)  et  P|i(dt.  r)  se  des  tabjem  pricdd^ts 

\twA4t 
J  -  4r' 


n  ( a»;'<jO'  t- 


La  foncoon  de  transfert  H(t,f)  <tant  non  statlonnaire,  on  salt  que  ^  fonction  de 

correlation  rend  compte  de  ces  variatlonk 

On  appelle  bande  de  coherence  la  difTerence  m^ntale  entre  deux  frequences  pour  lesquelies  les 
sigiiawi  transfflis  ont  des  amplitudes  complexes  suffisamment  correiees.  Ce  parametre  important  qui 
fixe  les.limites  des  bandes  utilisables  ou  les  decalages  frequentiels  minimaux  pour  assurer  une 
decorrelation  en  divenite  de  frequence,  est  defini  ii  partir  de  r}{(dtdt). 

Si  les  deux  signaux  sont  emis  simultanernent,  4t  ■  0  et 

La  bande  de  coherence  est  definle  par  Bcoh  telle  que 

rH(Bcoh,0)-a5rH(0;0) 


IV.-CQWCLVSIQM: 

La  caracterisation  des  canaux  Uoeaires  non  statlonnalres  a  ete  faite  avec  des  formalismes  puissanis  qui 
permettent  de  les  deflnir  par  leur  caracteristiques  temps  •  frequent  mais  aussi  par  des  parametres 
statistiques  pour  les  canaux  aieatoires. 

Les  pratidens,  souvent  utilisent  des  modiles  plus  dinplifies  encore  qui  s’appulent  souvent  uir  les 
hypotheses  WSSUS.  On  peut  dter  le  roodeie  general  de  RUMLER  et  ses  van'antes,  pour  les  liaisons 
ionospheriques  le  tnodeie  de  WATTERSON  et  pour  les  modeies  urbains  ceux  d’ECU,  d'OKUMURA* 
HATA,  d'lKEGAMl  et  d'lBRAHlM  -  PARSONS,  qui  ne  peuvent  etre  detailies  dans  cette  presentation 
generaie. 

11  faui  cependant  remarquer  que  le  probieme  de  la  modeilsation  demeure  ouven  i  cause  des  difricultes 
qu'on  les  expeiimcntateurs  pour  couvrir  la  grande  diversite  des  cas  reels. 
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FIGURE  S 


FIGURE  6 

Ralitlomtntre  U  riponte  impulslonnel It 
ot  tac  trtntforaia*  da  Fourier 


TF  Trinaforn^e  da  Fourier  dlracte  ou  Inveria 
DTF  Trinsforala  da  Fourier  1  2  diaianilont  direete  ou  Inverse 


Propag«iion  limlUtionfl  for  tratuloQOApheric  systems  from  10  to  300  GHs 


A.  V«ad«f 

!!;p«rfr^«<oc4»  U.C  L. 

BitiiDMit  lAtcmU  »  LoQTAi^WNcQTt 
Br^a 


AbitrMt 

Broiibud  ckuKtoriiAtwa  of  Ue  Utiwiiwvplwk  prop4<»tios  cb«aiul  tt^oiro  u  o(  pbytkU  pbcaonmu 

whkb  «r«  atra  4»1^  h  puticvltf,  (be  fn^Maejr  4epM4«a<«  U  tbt  punxaetm  o(  (be  Bab.  It  in*y  b«  do*  to 

water  vapo«r,  water,  aad  (bM^lepeadeat  iab«ayi(<iwtlie*,  Tb«  10>t00  CHs  baad  a  to«oiiikt(4  wiib  an  eapbaua  oo 
tb«  30-30  Cih  baui.  aoi  roaeo  !o4«catioas  (or  lu(h«r  fr«qo»fiCM«<  AtaMpberk-tuboieM*  b  specially  looted  at,  becaoM 
U  yietda  flutteatioai  ti  tb«  refratlre  Udex,  Seadtof  to  aaplttode,  pba*«,  aad  vuiaiioas  oa  tbe  aifati.  A 

Ui^el  developed  by  the  avtbora  b  preac]^.  (t  tides  tato  aeeoaat  tbe  variotts  paraaeten  o(  tbe  Bab  x  frtqoeacy,  dielKtrk 
cooMaat,  ba^  aateoaa  dtasteter,  labomo(eaeity  sue  aad  altUode.  Tbe  lafloeoce  oo  aetoal  sit&^  b  dbeo^,  as  well 
as  freqaeacy  respoetee,  InpaW  aad  atep-mpoMe,  aad  sroep  delay. 


1  Introduction 

1,1  A  flnt  mltlluMter  w«v«  redar 

la  Aicast  10(3,  Britob  aad  U  eeieataia  owt  to  roach  aa  aerceoeat  ea  tbe  developiDett  U  a  radar  syatera  operatSac  at 
*ee^ine(er  freqaeaeWt*  (Kalpa  el  aL,  1970),  Tbe  UjS.  reoeaicbm  favored  30  CHi,  wbUe  tbe  Britab  preferred  a  fte<tuea<y 
obtalaed  by  deabBac  a  X*baad  beetaeacy,  aaraely  19  CUt,  Both  parties  cocaproatsed  for  a  fre^toeacy  of  34  CHs. 
Tbe  syuem  was  developed  aad  Improved  refjlarly,  with  ao  tapfovcineal  la  tbe  perfonaaocm  however,  dutac  ibe  wb*^ 
of  tbe  spriBf  of  10(3.  Tbe  frei^aeocy  cbosiea  iadeed  was  very  close  to  tbe  water  vapow  abeorptioa  frv^weacy,  aad  tbe 
crperiineaters  impr«vla<  (beii  system  Jot  cooatcrbalaaced  the  rmof  baoudiiy  dutm(  tbe  sprla(  ia  New  Ea^laad  I  SUU, 
J  H<  Vaa  Vlfcb  admitted  bter  that  tbe  theory  was  biowa  to  a  rtaaoaabte  exteat.  It  was  bower  not  tabea  tato  account. 

1.9  Past  Llstorr 

Microwaves  are  known  aad  in  ase  since  ^atte  a  time  (Vandet  Vorst  et  al ,  1990-1).  Tbe  fooadalioai  of  mkrowave  trans- 
n'jisloa  ud  of  ^sad^tks  aaalof les  were  SroUy  estabLibed  in  1900.  Tbcoretkal  telslloes  for  warefoide  ueasmbtioo  aad 
oscUlatlac  modes  oa  coedocton,  s^ka)  or  not,  were  obtalaed.  la  1933,  F.G.'  FiltfcraM  already  socc«sied  eiectrooac* 
aetk  traasmbsloa.  b  1999,  H.  Kerts  deaoutraM  It  b  Karbiab*.  Al  tbe  same  (law,  O.  Lod|e  showed  ia  Creat-BHtaln 
tbe  cxbteace  «f  statloiury  pbeoooeaa  ca  traasmbiioa  liaes.  He  demoastralrd  radiatiea  from  ci/calar  waretoides,  the  iris 
effect  aad  cavity  reeoaanee.  b  1999,  Lord  Rayleigh  pebltibed  complete  soblkM  of  Maxwell^  e^satioas,  ykldiaf  all  tbe 
pomibfe  inodes  b  rectanfelar  aad  etrcelar  wawfeldm,  with  Bessel  faaciioos.  Oa  the  other  baad,  J.C.  Dose  la  woiblsj  at 
miliimeter  wanlca(ib  aad  be  develops  a  seaakoadoctoe  detector  at  90  GKs  before  the  ead  of  last  ceatary.  Tbe  road 
was  epeaiaf  oa  mkrowava  Babs,  with  parabo&c  aeriab,  feeders,  detectors,  aad  even  on  radio-aatrocMay  experinented  by 
Ov^Lod^e. 

A  remarkable  mystery  .  ao(Un<  of  all  (bat  happened.  MKrowave  electroirics  dbappeared,  probably  because  of  tbe  aocecss 
of  Marcool  with  loater  wavsWattb  trammissioM.  It  wu  aeceesaiy  to  wa^t  (or  kaV  a-ceatory.  Just  before  Second  World 
War,  to  see  Soetbworth,  Cbe,  SchelbuaoS  and  others  rcdocover  aad  develop  tbe  subject. 

S.3  Why  hither  fre<iuei)<les 

Since  then,  ouSuaeter  waves  are  atria  v  Boat  of  tbe  scene.  An  eaonnous  amount  of  tiieralure  bu  been  wriltea  oa  tbe 
subject.  Meet  bterestlat  are  those  oo  systeta  Impixatloas,  which  will  be  dbesssed  later  b  this  paper  (Joasoo.  l99Si 
MiUbell,  1999;  Kamal  et  aL,  1993;  Vaader  Vorst,  1999). 

Today,  ia  Eerope,  a  hsadred  eartbetatiou  are  beiat  used  for  tbe  OLYMPUS  project  of  tbe  European  Space  Ateacy, 
operattAt  ia  tbe  fre<iueacy  beads  13A,  30,  aad  30  Gils.  The  CODE  expetimsni,  with  the  same  utrihie,  it  rrisiaf  a  lot  of 
iaternt  amoeg  maay  experimeeters,  aad  tbe  teWvaoa  sstmeat  of  the  satellite  b  bemg  looked  at  by  maay  aters,  with  tbe 
prospect  of  very  iow<ost  traasmi't-rcceire  stations  at  30/30  GHs.  la  tbe  Seld  of  boriaanta)  Pinks,  the  Deutsche  Bundesbriia 
is  (aslallmg  a  network  at  90  GHs.  Direct  (elevKioo  by  satelbte,  whose  feasibibty  for  Europe  was  demonstrated  by  one  of 
(be  authors  tweate  yean  ago  (Bcacst  et  aJ.,  1999)  •  preseatty  eaiering  tbe  setae,  with  paiabotk  aateaau  less  tbaa  30  cm 
diameter. 

Why  goiag  to  kigh^  fre^aeacke  7  Because  r 

I.  tbe  fre-iutacy  bands  at  lower  frscpiencks  are  totally  used,  to  such  an  exteat  (bat  ao  new  appiKatioa  caa  be  looked 
at  at  tbote  freqwacke 


S  %  lit  30  GHz  cujr  coaUb'74  eoort  I&tMmittoa  k&4a  at  4  GHs 

3<.Ui«  dtrectmty  of  a  refi«ct«r  aatoaaa  uxieaMS  as  th«  squ^  ct  frt^ociKjr  while  a  (ood  reflector  is  l^ay  not  store 
dtScoU  to  make  for  60  GHz  than  for  10  GHz 

4.  laterfercaeei  betweea  adjaceat  Uakz 'decrease  when  tbe'frequeficf  iocreaies,  becaose  of  the  siaia  lobe  •  tidelobe 
behaTiour  as  a  fuactira  of  &eq«e&cr. 

Bence,  spatial  sj'stcim  at  00  GBi  ma^  compete  with  system  at  tower  frequeaucs. 

There  b  of  course  a  pHce  to  pay : 

1.  the  cost  increases  with  frequency,  less  however  than  the  adrantafts 

'  2.  the  noise  IncrcaMS  with  fr^uescy  at  frequencies  higher  than  10  GHs,  and  atmospheric  absorption  peaks  may  seri^ty 
harm  the  trawunission 

3.  other  traosmls^on  phenomena  have  an  increasint  Infloence. 

A  small  example  shows  how  does  Ku<baad  (12  •  14  GHz)  compare  with  respect  to  C>band  (4*6  GHz)  (Chakraborty, 

1M6) :  ■ 


Frequency 

Satellite  antenna 

Transmit  Gam 

Ttansmitter 

EIRP 

C  (4  CHl) 

1.2  m 

32 

6  W 

39dBW 

Ku  (12  GBt) 

Um 

41.5 

6W 

48,3  dBW 

In  this  example,  the  Ku>band  transponder  offers  0^  dB  extra  transmit  EIRP  at  the  expense  of  mth  comaie  (1.4  decree 
beam  coverafe  instead  of  4,3  degree).  What  b  not  shown  to  the  Table,  however,  U  that  there  b  an  extra  dowo*path  loss 
at  Ku*bar.d  whkh  b  preebely  9,3  dB.  So,  where  b  the  advantage  ?  The  advantage  b  to  the  earth  station  rKelre  antenna 
gain,  for  a  given  sire  earth  station  antenna.  It  b  easily'  calculated  that  a  1 2  m  receive  antenna  offers  almost  a  threefold 
Increase  in  traffic  capacity  at  the  Ku*band  when  compared  with  the  capacity  availability  from  a  Oband  transponder. 


1.4  New  developments  at  higher  frequencies 

1.4.1  VSAT's 

Since  more  than  five  yean,  the  market  has  opened  for  nucto  earth  stations :  very  small  antenna  terminab  (VS AT)  (Parker, 
1934),  presented  as  '‘personal  computer  accessories*,  costing  about  $  2500  In  quantity  to  1964.  Vslng  spread>specttum 
techniques,  a  partKukr  network  architecture,  and  packet  switching.. One  company  has  demonstrated  that  VSAT's  could 
be  commercial  products,  addresring  the  need  for  low*speed  data  transmbsioa  betweea  a  large  number  of  widely  deposed 
iocatioat,  oxalled  *thin>route*' networks,  Concomittant  with  spread-spectrum  modulation  Uchniques,  the  use  of  code- 
divbton  multipk  access  (CDMA)  at  kw  power  provides  instant  access  to  the  network  by  eliminating  some  of  the  delay  caused 
by  the  two  more  common  schemes,  frequency-divUion  multiple  acccs  (FDMA)  and  time-divbion  multiple  access  (TDMA). 
At  the  end  of  1966,  Equatorial  Communkations  Cofflpa„y  ha4  placed  30X100  units  of  C-ICO  rKetve  only  VSAT's  (61  cm  to 
diameter),  for  less  than  I  3000,  with  a  croas-teetkn  of  "information  providers*  such  as  the  Hew-Yotk  and  American  St^k 
Exchanges,  Dow  Jones,  the  Associated  Press,  Reuters,  E  F.  Hutton,  the  US  Weather  Servke,  Commodity  News  Services, 
Beneficial  Finance,  and  Farmland  Industries  (Kachmar,  1986).  Lower  pikes  will  come  less  from  technological  advances  to 
GaAs  circuits  and  very-Urgo-totegratkn  (VLSI)  of  digital  circuitry  than  it  will  from  the  Konomlcs  of  Kab  resulting  from 
larger  contracts. 

1.4.2  Spread  spectrum 

Spread  spectrum  has  been  used  for  a  kng  time  to  military  satellite  communKations  to  rcsbt  intentional  Jamming  Recently  it 
hu  found  its  way  Into  commercial  utellite  cosununications  primarily  to  low  data  rate  applications  with  small  and  economic 
carth-statkns,  to  particular  because  of  the  vast  market  to  Interactive  computing  and  data  transfer.  The  technique  b  CDMA, 
synchronous  or  asynchronous  (Ha,  1965).  Spread  spectrum  multiple  access  involves  the  following  merit  features : 

•  multipath  resbtance  to  mobile  satellite  coomualrations 

•  extremely  low  Interference  to  and  from  other  satellite  ^tems  and  terrestrial  radio  systems 

•  kw  probability  of  intercept 

•  accoa^attog  a  large  number  of  users  with  low  bit  rate 

«  small  antenna  (0.3  <  2  m  antenna  for  fixed  servke,  mkrestrip-anay  for  mobile  wen) 

•  immune  to  sun  outages. 
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'  tlt«  UM  of »pre4d«p«ctniffl  ^dtac  b  ccmldefcd  w  a  f*41&s  cosaUnaeuare  at  30/30  GUz  (&Q(b««  «t  aL,  1967); 

whm  diroel  boaiam  coaumakatloits  (daU,  toko  vMm)  ■*  ifiT^vtd  betWMa  stcgrapbkaUy  zeparated  dirbto&s  of 
a  Iaft«  compaoy’by  MtaUiteUt  30/30  GHs.  la  taia  to  rtdaco  tba  airecU  of  fading,  tb«  bfonxution  flow  through  the 
ayrtm  w21  b«  rcdscra  in  faded  coaditioaa  to  maiataia  high  ^oahly  data  and  voice  coaunuaicatioa*  at  the  ecpeme  of  aotoe 
alowug  down  of  the  video  informatioa.  In  tU  DICE  aysteiB,  the  overall  tpKtrem  in  the  aatdlite  transponder  b  ahvayt 
the  same,  regardlm  of  thrMghput,  whxh  has  advi^tagea  in  tertna  of  reducing  the  effects  of  fading  and  degradation  doe 
to  iatenaoduIatioB  pr^ncts.  '  *  .  '  ' 

1.4.5  Broadbaading  , 

Droadbandiog  has  become  a  major  concen  (Vasder  Vorst  «t  al .  196^3)7  Broadbaading  an  atmospherK  channel  rabes  hey- 
questions !  what  are  the  physic^  phenemna  involved  1  how  dupemve  art  thoe  phenomena  ?  what  are  the  radtoelectrkal 
implications  7  what  are  the  €Onie<q<aeQC«  on  the  systems  t 

1.5  Concluijons> 

Transioaoepheric  systeru  are  opmting  at  higher  and  higher  freqoencws.  Not  long  ago,  the  Intelsat  system  was  at  4^  GRs, 
and  horbontal  wen  around  7  GBs.  Then  came  tU  sateUiU  systems  tn  Ku-band  (1M4  GHz).  The  Olympus  satellite 
of  the  E^.A.,  ia  welt  u  a  few  inhere, 'b  operating  since  the  summer  of  1969  at  12^,  20  sad  30  GHz.  Itabat  will  have 
beacons  at  40  and  30  GHz.  The  DSBb  operating  at  60  GBz  France  b  going  partly  to  94  GHz  on  horbontal  links.  Hence, 
frequency  b  going  up,  the  atmosphere  has  to  be  revbtted,  in  paruc^ar  for  its  turbulence, 'whkh  induces  time  variant 
Qi'iltipath. 

2  Atmospheric  physic  in' the  range' lo  to  300  GHa 

3.1  Clear-aIr  attenuation 

Thirty  years  ago,  an  important  paper  (Straiten  et  al ,  1960)  summarued  the  measurements  made  In  the  range  30  to 
300  GHz.  Figure  1  schematically  shows  the  results  at  sea  level  (the  temperature  •  or  opacity  •  b  In  ordinate).  The  tow 
values  represent  a  low  opacity,  hence  a  good  transmbsion.  The  lower  curve  b  for  the  1962  U.S.  Stsuidard  Atmosphere, 
with  no  water  vapour.  The  upper  curve  b  for  an  atmosphere  with  3  g/cm*  total  water  vapour  (assuming  a  water  vrpour 
density  of  7.$  g/m’  at  the  surface,  decreasing  exponentially  with  a  scale  height  of  2  km).  The  diagram  abo  shows  a  nuiober 
of  narrow  absorption  lines  of  ozone,  as  well  as  the  frequencies  oi  CIO  and  NO.  There  are  four  "valleys*  >  frequency  bands 
with  lower  attenuation  ■  respectively  around  30, 90, 130  and  330  GHz. 

A  question  has  puzzled  many  experimenters  :  for  a  few  tens  of  years,  the  absorption  in  the  windows  separating  the 
abs^tion  peaks  was  found  more  Important  than  the  values  obtain^  by  calculations  based  on  known  modeb.  Thb  led  to 
the  denomination  of  ’anomalous*  absorption. 

The  presence  of  water  dimers  In  the  atmosphere  was  suggested  as  a  first  explanation  (Viktorova  et  al.,  1971).  However, 
measurements  on  zenith  atmospheric  attenuation  in  the  range  100  to  lOOO  GHz  demoutrated  a  linear  dependence  of  the 
attenuation  in  dB  upon  the  water  vapour  density.  Thb  excludes  the  presence  of  water  dimer  as  an  explanation  because  it 
would  ybid  a  quadratic  dependence. 

An  appropriate  model  (Clebe  et  al.,  1976)  took  into  coosideration  about  3000  spectral  lints  of  water  vapour,  up  to 
31000  GHz,  to  evaluate  the  absorption  In  thv  band  10  to  400  GHz.  It-abo  took  into  account.the  Zeeman  effect,  to 
evaluate  the  influence  of  the  elevation,  the  altitude,  and  the  temperature.  .Finally,  an  extreme' effort  was  made,  investi¬ 
gating  frequencies  up  to  one  milHon  GHz  to  check  thw  contnbutioib  to  the  observed  values  in  the  range  30  to  300  GHz 
(TheoboVl  et  al.,  1962).  Thb  effort  did  not  leave  any  "anomalous*,  absorptbn  at*aU  :  the  a^rptioa  in  the'  "valleys* 
between  the  absorption  peaks  b  largely  due  to  renulnings  of  absorption  peaks  at  much  higher  frequencies. 

Hence,  modeb  do  exbt,  and  they  are  available  at  frequencies  op  to  1000  GHz. 

3  3  Fog 

Experimental  fog  data  in  the  NMMW  portion  of  the  speciium  are  almost  nontxbtent.  Measurements  have  been  made  at 
33'and  l40GiIz  over  a  72$  m  land  path  (Richard  et  d.,  1977)  and  compared  with  other  measurements  (Robinson,' 19$$) 
made  at  3$  GKs  (Fig  3).  As  can  be  aeen  from  the  figure,  there  b  a  considerable  scatter  of  data  points  when  characterbing 
the  fog  by  its  v'uibility.  Thb  b  not  surprbing  since,  at  near  millimeter  wavelength,  when  drop  sacs  are  small  compved 
with  the  wavelength,  the  attenuation  u  not  ve.*y  sensitive  to  the  drop  site  whneas,  at  optical  wavelength,  it  a  very  sensitive 
to  drop  size.  In  both  the  3$  and  140  GHz  cases,  the  attenuatioas  measured  a.'e  larger  than  that  predicted  for  radiation 
fogs. 


3.3  Clouds 

Tho  data  are  very  limited  for  characterlzmg  NMMW  attenuatioa  effects  in  clouds.  The  OLYMPUS  project  of  the  European 
Space  Agency,  with  measurements  at  30  and  30  GHz  will  probably  enli^ten  the  subject.  Results  of  measurements  ^  the 
average  lenith  cloud  attenuation  measurements  at  7$  GHz  are  given  in  Figure  3  as  dots,  for  su  days  with  continuous 
cloudiness  from  April  to  June  1976  (Sokolov  et  al ,  1976}  Correlatioa  of  the  iingle-cloud  type  of  attenuation  with  frequency 
IS  still  a  difficult  task.  The  significant  effect  to  aotKe  a  an  attenuation  increasing  witli  frequency  and  that  the  largest 
attenuations  for  NMMW  occur  for  cumulus  clouds. 


figur*  2.  H««surcd  4n<t  cilcuUted  fog  «ttcfiu«tlon  flgur*  S.  {tnith  eiowd  ■•«$urt«»nt»  «t 

«t  35‘*r>d  140  CHi  75  GHi  (dolt  topresont  Mttured  vituos/ 

crottct  represent  eeUuleted  velves) 
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3.4'  R«la» 

A'Bao^of  th«ot«tkkI  «ad  cxperimeatU  cffw U  h4v«  |«a«  lato  tbc  «tod)r  of  r«ie  ^to&utiofi 'm  toe  NMMW  portioa  of  the 
•pectraos^  Such  stodies  ut  cxtrem^j' mport*at'*(ace  tun  ttuf  rttj  Ekel/  be  the  pnMiptI  Uautuf  fector  to  c^talaiof  ‘eU* 
lather”  NMMW syst^.  Ualikrthf  MttutiM *t  loimfrcqueocws. it b aot  poesibte to actomety  predKt  the  etteouatioo 
from  ka^bdfe  of  ram  rates  alM^brnwe,  ai'NI^W  frcqseoocs,  the  drop  ebe  dbtribatioo  b  far  mote  importaat  ia  the 
eakolat^  rerspeetive  oa  thb  situati^  may  be  tai^  by  teferra<  to  Fifure  4»  which  showt  expected  atteaaatioB  as  a 
fuactioo  of  /r^eaey  as  calculated  by  Uewdlya*Joaes  and  Zavody  (1971).'''' Only  the  Jose  dktribution  for  dnstle  •  Very 
•maU'<J^pc*pr^»ctsaBattttu4ttoaatM0CHiet^5caatiy^aterthaaat  llOGBs. 

Measur«neaU  31^  at  94  GHx  on  a  1000  m  terrestrial  path'  (Keuer  et  sL,  W9)  show  ram  attenuation  as  a  function  of 
ralnfairrate,  with  rain  drop  ^  dutribotloa  toeai<ft.<d  with  a  dotrometer  as  a  parameter  (Fig.  '$).  Measurements  are 
compared  with  calculations  using  Mb's  scattering  theory  for  water^ spheres.-  Proper  rain  characterliatioA  b  very  important : 
without  ttwasurW  drop  sbe  dtstribatiofi  god  rapid,  path^average  rain  rates,  it  b  not  possible  to  'make  consnteatly  accurate 
studjes^rain  effKtL  Ra^attenuatiM  measur^  at  ilO  Gilt  toeetlMr  with  rainfall  rate  aM  optical  ▼bihSiti'  shorn  that 
the  140  GHs  attenuation  strw^  ^ends  on  the  total  watW,  whereas  the  optwal  vnlbdity  a  mote  affected  by  tbe  s^l 
droplets  (Richard  et  al ,  1977).'' 

Water  on  the  antenna  or  its  Mver  m'ay  of  ^’rse  represent  a  serious  probkos.  either  by  condensatioa  or  piecipitatioa. 

3.5  -Snow' 

Richard  et  si.  '(1977)  have  performed  140  GHs  attenuation  measurtmeou  in  wet  shows  and  compared  these  with  other 
fre<iueney  measurements ^as  ^own  in  Figure  6  (rate  e^uivaleat  of  1  mm/hr  liquid),  In  a  frequency, range  from  JiO  to 
1 000  000  GHs.  Shown  a^  on  thb  figure  are  1  mm/hr  rain  attenuation  estimates  obtained  by  different  authors  (Kulpa  et 
al ,  1979).  Snow  attenuation  b  between  24  and  S  times  greater  than  rain 'attenuation  for  all  the  frequencies  measured,  b 
feneral,  thb  b  due  to  the  large,  more  irregular  shapes  of  the  sa^  prwipitation  and  the  fact  that  higher  concentrat'iotts 
ex'ist  for  the  snow  due  to  tbe  low  fall  velocities.  The  attenuation  of  snow  very  strongly  depends' on  the  mobture  state  of 
the  snow  flakes.  When  the  snow  b  dry,  tha  attenuation  b  very  low,  less  than  an  equivalent  rain  attenuation. 

3  0  Hal] 

Kail  b  emountered  much  less  frequently  than  ram  or  snow  and  its  duration  n  relativeSy  short.  No  experimental  data  are 
found  in  the  literature,  and  Lttle  can  be  said  about  the  effect  of  hail.  Obviously,  had  attenuation  docs  not  depend  strongly 
on  wavelength,  since  the  sbes  of  haibtones  often  significantly  exceed  the  wavelength  In  tbe  neat>mil!imeter  region 

3.7  Other  atmospheric  constituents 

Pollution  introduces  several  constituents  in  the  atmoephere.  While  tbe  nature  of  the  microwave  and  im!]uneter>wave 
opacity  of  these  constituents  b  relatively  well  known.'  the  techniques  for  measuring  such  opacity  are  such  tbat  only  very  few 
experiments  have  been  performed  For  Instance',  the  inspection  of  the  microwave  and  DultlrDete^wave  absorption  spectra  of 
the  gases  related  to  ckuds  containing  acid  precipitation  roeab  that  even  under  the  relatively  high  pressure  characteristics 
of  the  lower  atmosphere,  the  absorption  spectra  bear  significant  differences  in  tbeir  frequency  dependences.  Because  of 
the  generally  low  magmtude  of  tbe  absorption  exhibited  by  these  gases,  unambiguous  identification  of  tbe  source  of  sucb 
opacity  based  solely  on  frequency  dependence  can  be  duffbult  (St^es,  1^).  Figuf*  ^  *how  the  tropospbetb  absorption 
spectra  for  S02,  COS,  H2S,  H2CO,  and  COf  whik  Fi^re  7  shm  tho  same  for  03,  N20,  and  N92,  in  the  frequency  range 
up  to  20)  GHs  (Steffes,  19^3). 

The  absorptivity  b  rather  low  (from  10**  to  10**  db/km)  for  these  constituents,  involved  in  tbe  formatioo  of  acid  prccip' 
itation.  Some  of  these  gases  exhibit  several  hundred  rotatioaal  resonances  below  200  GHs,  in  paitkular  gaieous  sulfurk 
acid  HN03.  ‘The  saturation  vapour  pressure  for  tulfunc  acid,  however*  b  so  low  for  temperatures  corresponding  to  tbc«c 
of  the  troposphere  (of  the  order  of  10**  at  0*C)  that  absorption  from  gaseous  H2S04  would  be  nndetKtabk  On  the  other 
hand,  the  abundance  of  gaseous  11N03  can  be  significantly  greater,  due  to  a  much  larger  vapour  pressure  (of  the  order  of 
10  at  0*C).  Figure  9  (Vander  Vorst,  193S)  evaluate  the  t^ng  ratio  •  the  ratio  of  the  density  of  a  partMular  constituent 
and  the  density  of  the  aimosphere  •  u  a  functioa  «f  altitude,  with  an  indKation  of  the  minimum  detectable  abundance. 
The  right  part  of  the  figure  shows  the  variation  as  a  function  of  altitude  of  some  components  for  wh^h  a  quantitative 
estimation  has  not  been  found. 

3.8  lobomogeneltlcs  and  turbulence 

Atmospheric  turbulence  may  yield  beam  steering,  image  dancing,  beam  spreading,  image  blurring,  intensity  fluctuations, 
phase  fiuctuations,  aagloof'artival  flactuitions,  depi^arUation  fluctuations,  etc.  Several  aitkles  provide  very  nKe  reviews 
of  the  physical  bas'a  for  various  effects  of  atmospheric  turbulence  (lika  foe  Instance  Fante,  I97S). 

Basically,  tbe  effects  of  turbulence  on  propagation  are  det^cuned  by  the  refractive  Index  fluctuations  along  tbe  atmoepherk 
path.  These  fluctuations  are,  in  general,  function  of  the  position  and  time,  while  the  temporal  dependence  of  the  fluctuatbo 
of  tbe  index  of  refraction  is  due  mainly  to  a  net  transport  of  the  inhomogeneitics  of  the  medium  u  a  whole  past  the  fine 
of  sight,  due  to  the  wind  (Kulpa  et  al.,  1979), 

Hence,  a  tim^variaat  multipath  situatioa  u  created  b^ause  of  turbulences.  Whik  at  low  mscrowaves,  the  effect  a  a  conse¬ 
quence  of  random  spatUi  ttme>vaxiaat  vanatbas  in  the  refractive  index,  in  the  miUiauter  range  an  absorptba  mechanism 
occurs  u  well.  A  spectral  analyris  (Ott  et  al ,  1978)  of  the  amplitude  fluctuations  shows  that  there  b  a  comer  frequency 
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M  Abeorptioe  smcEabIioi  freos  a  Mtt<rin<  laec&A&bm  :  •cAtlcrisf  dMcunAto  kUoiptim  at  frc^oeacic*  En  tbe 
amplitude  «p«ctnua  «omspoedi&('to  a  raac«  ^  *^y  tiM*  Urt«r  thaA'tha  ndiat  of  the  fint  Frc*a«l  eSipa^  of  tb«  ti&k. 
It  bu  bcon'thowQ'cxpcriaMatiJlf  that  acaturiaf  Mod  aUc^l>o«  itt  rtiatcd  at  85  GHz  tbm  »  a  corrcUtmt  bctwees 
tht  «ave!op«  of  tbe  flsctuatioaa  aeMSwi  «o  a  aaUUiU  beacoa  at  12  GHz  and  (be  radioiDetric  temperatore  OMatared  at 
^  3$  GHz,' while  tbe  radtomtric  nr'atioa  ateasoTed  at  12  G&  rtmalas  n<i^bl«  (Vaabocaacber'et  a].,  1985). 

CakaUtiof»  baaed  oa  iDodeb  toarertiaf  floctoatioiu  bt  teBi^«^BK»’  boouditjr  aad  total  premie  lato  fioaoatioaa  hi 
abMrptioa  and  r^raetioa  hare  ahowa  tbe  foUowie^  (Hill  et  1986) :  ' 

•  the  effeeU  of  proaire  fluctoatioai  are  oiually  actable 

•  tbe  effects  of  temperature  ffoetuatioaa  arc  BetIi(>Uc  mtb  rcepMt  M  bVueidjty  ffnctuatioas  when  these  ve  very 
Important 

a  refractioo  fluctoatioBs  yield  la/yer  amplittide  fioctoatkai  than  do  alieoiption  fluctuations,  for  most  cases  of 
lAtercst, 

'  Clearly,  fluctuatiou  cannot  be  netlMled  In  tbe  evaluatioQof  traasioaospherte  systems. 

3  Racilo«lectrical  phenomena 

3.1  Absorption 

Absorption  Is  tbe  quite  atralcbtforward  consequenco  ^  the  pmaeace  of  losses  In  the  atmosphere  due  to  various  reasons . 
atmospheric  resonances  In  clear  air,  water  vapour,  Uquid  water,  and  other  constituents.  A  major  effort  was  made  In  tbe 
COST  proj^t  205  of  tbe  EEC  to  oMasure  attenuation  statistks  dunnt  several  years  on  spacoeartb  and  earth<«pace  Imbs 
throujihout  Europe  (C  E.C.,  19S5). 

3.2  DifTusion 

This  word  U  rather  ambiguous  in  atiaoepberie  radioelectrkity  because  tbe  meanlns  b  threefold. 

Strictly  ipeaklfi^,  diffusion  U  tbe  physical  phenomenon  governed  by  tbe  diffusion  tuition  instead  of  the  wave  equation. 
Skin  effect  In  matenals  U  such  an  effect,  for  instance.  Tbb  happens  only  m  cases  where  losses  are  far  from  neglitibte.  It  b 
sot  a  common  circumstance  in  atmospheric  physics. 

A  M^d  well-defined  understandini  of  diffusion  b  mUud  to  turbulence  ;  one  deals  normally  with  the  totalled  *welb 
mined*  atmosphere  (Llvlnfstos,  1970)  which  charactcrueu  an  ab  mas  which  hs  been  thotou|hly  mixed  while  tendinf  at 
all  elevations  toward  a  state  of  mechanbal  equilibrium  indicative  of  a  balance  between  fravitattonal  and  buoyant  fores. 
It  b  tbe  state  toward  which  one  should  expect  an  air  mas  to  evolve  when  mixinf  b  brought  about  through  convstive 
fores  rsultlog  from  absorption  of  heat  from  the  ground  by  tbe  air  layers  lying  nearst  to  tbe  ground.  Three  poysieal 
phenomena  are  mhlng  causs  :  convection,  eddy  turbulence,  and  molsuls  diffusion.  In  tbe  atmosphere,  convKtbn  b 
rspottsible  for  causing  the  eompositwo  of  large  air  parceb  at  different  elevations  to  be  tssntially  the  same,  while  moleculs 
diffusion  asums  that  small  parceb  have  similar  compsitions  no  matter  how  small  they  are.  Eddy  turbulence  plays  as 

intermediate  role,  requiring  Iss  molecular  diffusion  than  would  otherwise  be  required  In  order  to  achieve  complete  mixing. 
Molecular  diffusioa  b  a  relatively  slow  proces. 

The  most  common  use  of  the  word  *diffusioa”,  unfortunately,  b  a  raths  mbuse,  for  which  the  words  'diffuse  reflation* 
should  be  more  appropriate.  The  usual  procedurs  for  cakulatiog  reflections  are  applicable  only  wbeorthe  reflating  surface 
b  smooth.  As  the  surface  beeonies  rough,  the  character  of  tbe  reflection  charges  in  such  a  way  that  tho  direction  of 
propagation  of  the  rcSccted  field  ceases  to  conform  to  SneU's  law  for  reflection,  its  intensity  b  no  longer  given  by  FVesnelb 
formulas,  and  the  method  of  Images  U  no  longer  applicable.  In  parttcvlar,  the  reflected  wave  b  ro  longer  a  plans  wave,  and 
the  surface  b  said  to  exhibit  'diffuse  reflection*  for  whkh  tbe  concept  of  Huygens’  sources  has  to  be  used.  To  deal  with 
the  various  aspects  of  the  probbm,  the  evaluation  b  usually  done  in  three  steps :  (1)  specular  reflection  from  a  prolate 
spheroidal  surface  with  the  antennas  at  the  foci  of  the  sphered,  (2)  speculu  reflection  Horn  a  plane  surface  lying  tangent 
to  the  spheroid,  and,  finally^  (3)  diffuse  reflection  from  the  rough  surface  which  results  when  elements  of  the  plane  surface 
are  randomly.dbplaced  from  the  plane.  The  presence  «f  dr^kts  In  tbe  atmosphere  induces  of  course  diffuse  reflection, 
depending  on  the  eharacteruties  of  the  dropkts  with  respect  to  the  wavelength. 

3.3  DUTrnctloQ  and  Katterlng 

Even  in  the  absence  of  reflection,  diffraction  ouy  cause  serious  attenuation,  or  in  some  cases  even  enhancement,  of  the 
signal  traversing  the  tlne-of*sight  path.  Diffraction  b  due  to  the  fact  that  a  periodic  wave  incident  upon  a  material  body  ^ 
any  description  •  in  partkulv  uy  kind  of  obstacle  and  abo  droplets  in  the  atmosphere  •  gives  nse  to  a  forced  oscillation 
of  free  and  bo-ind  charges  synchronous  with'the  applied  field.  These'  cocstrained  moremeats  of  charge  set  up  in  turn  a 
secondary  field  both  inside  and  outsids  tbe  body.  The  resultant  field  at  any  point  b  (hen  the  vector  sum  of  the  primary 
and  secondary  fields,  The  simpkst  probkm  of  (his  clast  and  at  tbe  same  time  one  of  primary  importance  m  atmospheric 
studies  b  that  of  a  plane  wave  falling  upon  a  sphere.  Tbb  probkm  was  already  solved  by  Mie.  back  in  1907, 

The  total  energy  derived  from  the  primary  wave  is  of  course  tbe  sum  of  energy  dbsipated  u  heat  in  the  sphvrc  if  loesy,  and 
of  the  outward  flow  of  the  secondary  or  'scattered'  uietgy  from  the  diffracting  sphere. 
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Is  Um  cue  ^  ototrscUoca  sew  the  Use^-eoght  ^juh.  h  li  CMTcBtest  te  see  the  coacept  cf  Frceacl  seo«».~  RecMtljr,  the 
•athon  hare  coahised  tbete  priaeiplee  to  cakolete  a  pract*^  mode)  for  ampCtnde  floctoatioae  cbe<^«d  os  space<iirth 
{mb;  het*^  10  ud  100  Gtb  (VaahoeaMker,  1087*1),  whKh  be  develop  Is  Sectbs  S.  ' 

t.4^^  Obpenlon 

EuMtuIly,  dtt^nm  k  »«)d  from  a  Dediua  is  »hkh  the  phaie  velocity  k  a  fiuKtioB  of  frequency.  Thk  happens  when 
Urn  parameters  of  the  medium  •  pennlUtTity  or  penneability'*  de^d  spM  f^t^cy/er  whe's'codducttTity  k'pre^t. 
b  that^  case,^the  function  Index  abo  Tarim  with  frequency.  If  this  variation  k  abo  time-vanaat,  as  may  be  the  case  for 
'turbulent  inhomof^ties,  the  effect  on  a  system  aiay  be  quite' complicate. 

3.5  'Xlepolarisatlon 

It  hu  bmome  common  wish  and  more  or  less  common  practice  in  spMial  communications  to  use  polarizstion  diversity,  dou^ 
blu^  the  capacity  by  modulatinc  two  carrier<waves  •  orthotonal  in  y^araation  •  by  different  sij^als.  Hence  depolarisation 
has  rak^  a  lot  of  interest  since  abMt  twenty  years 

In  Europe,  the  proj^t  COST  iifi  (197(1-1077)  establMhed  methodology  and  offered  synthesised  informatioa  based  on 
mmurements  ea  termtrial  paths^  pointing  out  essentially  three  results  ( Vander  Vorat,  1970) : 

•  cross'polarkation  due  to  rain  ts  a  very  comply  phenookeson  which  can  only  be  analysed  with  approxunations  that 
concern  both  the  electroaxagaetic  theory  and  the  atmospheric  model 

•  as  the  sise  of  raindrops  increases,  thrir  shape  departs  from  spherical  towards  oblate  spheroids 

•.Inc^erent  stn^e  Mattering  by.sphemal, particles  may  cause  depolarisation  b  oblique  directions  and  bcohcrtnt 
multiple  ottering  by  su^eh  (Mtklm  may  cause  depoianution  m  the  fomard  dixMtion 

the  subject'^  cohmnt  and  bcoherent  effect  deserves  futUwr  study  and  has  biportant  practical  ImpGcatioas 

'«  significant  <ross*poUruatton  phenomena  may  occur  b  clear.wcather  conditions  b  the  presence  of  multipath  ptopa> 
.  gation,  because  of  the  sha^oess  of  the  antenna  <ros»>p<4ansation  diagram,  which  causes  the  oblique  bdirect  ray  to 
produce  a  signi&ant  cross>potar  component  (Fig.  9). 

The  European  project  COST  205  (1979-1955)  contributed  nmy  experimental  results  at  three  different  frequencies  (com* 
bjxbg  OT3  and  SIRIO  results),  b  circular, as  well  as  b  linear  polariution  (C.E.C,  1995).  Laws  were  establish^  for 
cxpretsbg  resulu  b  Ibear  pollution  b  tenus  of  circular  pi^arkatioa.  for  Kalbg  XPO  statistics  from  one  polaruatio& 
to  another,  and  for  frequency  scaling  treatbg  ke  and  rab  effects  separately.  The  exammatioos  of  results  b  the  XPD>CPA 
plane  clwly  Mparates  events  dombated  by  tee  and  rab,  respKtively. 

IcexloQUMted  cxoss'polariution  is  related  to  the  region  ^  the  XPD-CPA  where  CPA  <  2  dB.  This  k  consistent  with  ice 
bebg  alr^t  IossI;m  cross-polarUation’vkbg  mably  from  Its  differ^t^  phiM  shifting  properties.  At  the  occasion  of  the 
COST  205  Project,  sever^  CCIR  m^ek  have  been  tested  agabst^measured  values*,  and  reevaluated.  As  for  the  latitude 
deywrtdence,  the  measurements  did  not  yield  any  clear  trend. 

For  the  next  yem  to  co^,  the  OLYMPUS  project  (1999-1995)  with  iu  three  beacons  (12.5, 20,  and  30  GHs)  bcludbg  a 
poUrisation^wItched  beacon  at  20  CBs,  wilt  certably  enlighten  the  subject. 

3.6  Multipath  propagation 

Multipath  propagation  can  vise  directly  from  the  state  ci  the  atmosphere  itself  without  b  any  way  mvolrbg  refiection 
from  the  underttybg  terrab.  It  k  caus^  by  refiactba  b  the  air  and  by  reflection  within  the  atmosphere  itself.  One  may 
recognise  two  distinct  forms  of  multipath  bterference  attnbutable  to  atmospheric  bhomogeneity. 

One  k'  iihely  to  be  ob^rved  when  the  atmosphere  b  b  a  quiescent  state;  It  k  due  to  the  presence  of  ducts.'  Elevated 
ducts  can  caw  two  or  more  propagation  paths  to  exkt.  Id  additba,  there  may  be  reflection  paths  doe  to  glancing  beidence 
^  radiation  upon  awrow  regions  b  whkh  exist  exceptionnally  l^refractiyity  'gr^ients  (Fig- 19)  (Liybptoa,'I970), 
On  tU  other  hand,  multipath  conditions  can  occur  when  no  ducts  are  present,  prbcipally  b  turbulent  air,  because  of  local 
changes  ,b  refractlvity,  At  microwaves  and  mill^te7' waves,  path  length  variations,  between  different  component  signals 
are  large  compared  with  the.radiation  wavelength  and  therefore  pve  r»e  to  rapid  alternations  betwMn  constructive  and 
destructive Ynterference  among  the  carriers  (Booker  et'^,  1950). 

3.7'  ScbtlUatlon  and  fluctuations 

Scbtlliation  k  well  known  b  optics :  it  k  the  o^hankm  whkh  causes.stan  to  appw  to  twbckle.  b  this  paper,  the  word 
flwit.uatiocd  will  be  used  tluMthout,  to  characterize  mkrot^ves  and  miDuneter  wave  phenomena. 

Amplitude  fluctuations  have  been  observed  and  measured  stnee  about  1990.  The  measured  spectrum  is  nearly  flat  up  to 
0.3  lit  and  decreases  with  frequency  with  a  slope  equal  to  -9/3  (Vanhoenaeker  et  at ,  1995),  m  accordance  with  the  value 
predkted  by  Tatarskii  (1971).  The  probability  density  funcUon  k  not  Camsian,  because  the  variance  k  not  constant. 
Fluctuations  are  mwn]y,obsetv'cddurb|  the  passage  ^cumuli  through  the  propHation  path.  Amplitude  fluctuatkas  have 
^  processed  for  two  years  (1991  and  1992)  (Vander  Vont  et  d.,  1992).  The  main  statktKal  results  are . 


'•  QuctmtioM  «v«s(J,on/lur«  »b  4mpGt«4t  OMrc  1^  $  dB  ptp  od  «  44  m  dhh  utciuu  aad  »  doratba  rarTuif 
10  tSiB'liad  ooR  i  h 

•  dailx  distribBt«a  exU^U  4  mia  pui  iroood  2  pa  *Uk  two  tauilef  pC4i«,  4ro«Ad  i  am  *Bd  U  pm.  rapcctiTcIy 
«  Btofithly  d^ribBtioa  czblbits  4  peak  b  tb«  asmaaer 

«  tb^  »  4  dcfii^  reUtioQ^p  betwvm  Ut*  4mpbto^'^  At  fiottoatios*  aad  Ita  ef  oicuh^ct. 

Tia^ruU^l  moltlpaths  abo'irkld  doetaatkika  on  phaae^  •^!e>c$‘4mi^  (^bUader  «t  ti\  1M2)  and  pooibly  d«poI»rix4*' 
ttoa  4t  h!|b  freqne&ck*.  Very  Lttle  k  known  aboot  tbk  ktwwrer.'It  bii  been  »bowB  that  no  depoUmation  Sactnatioa* 
were  measured  at  X^bead,  tn  MsoeutSoa  wUh  amplitude  finctnations. 

34~  Faraday  rotation 

loaospberk  Faraday  rotation  k  &«tli(sble  above  10  GBs. 

3.0  ;'iDoppl«r  frequeney  shifts 

Doppler  abift  due  to  diomal  chafl(m  in  total  electron  content  h  less  than  c&e>te&th  of  a  Hertz  at  1 6  GHz.  and  nefllpble 
at  h'i(ber  freqaencks  (Klobu<har^l033)^ 

3.10  Ray^beadiog 

Ray  beading  due  to  the  ionosphere  ti  negligible  above  10  GHz  (Kl^uchar,  1933). 

On  the  other'  h'and,  at  isllUmeter'wave  frequenctes,  the  attDWpherc  ti  absorptive;  dapenive.  and  inhomogeneous  Because 
of  the  inhofflogehdty,  rays  are  bend  by  reftaetkm,  and  became  of  the  da^rsioa,  the  amount  of  bending  depends  on  the 
frequency.  Hence  path  length  between  two  terminals  depends  upon  frequency,  which  yields  datotsioa.  An  effective 
refractivity  has  been  cakuiated  to  do  the  accounting  (Hnfford,  1983).  A  coaformil  transformation  a  used  on  functions 
satisfying  Helmholtz  equation.  Using  Llebe's  model  for  the  atmosphere,  the  frequency  dependence  of  the  real  and  imaginary 
parts  of  the  dispersive  part  of  the  refractivity  has  been  cakuiated.  The  result  h  that  the  hendmg  effect  a  negligible  for 
frequencies  below  300  GKz. 

4  Syiuin  implicatlong  for  a  quiet  atmogpfaero 

4.1  PfasM  and  amplitude  dUpenlon  In  the  20/30  GBs  band 

Amplitude  and  phase  dispersion  have  been  measured  for  ov^  a  >eu  on  a  19  and  23  GHz  earthVpace  propagation  path 
(Cox  et  a| ,  1930).  Amplita<k  and  phsM  differences  were  compart  for  a  23  GHz  canier  with  234  MHz  sidebands  and  a 
lO^GHz  cmier,  alt  traniumtted  from  a  COMSTAR  satellite  No  frequency  selective  fading  was  found  ^  the  type  caused  by 
multipath  prop^atMtt  m’th  a  large'spr^  In  time  d^y  m  by  rescmances  of  the  propagation  m^iu'm.  The  only  frequency 
dependenm  were  due  to  the  bulk  properties  of  water  m  rain.  During  fluctuation  events,  there  was  no  significant  phase 
fluctuat'wQ.  This  is  consistent  with  the  obrervation  of  a  high  correlation  a^ng  the  amplituda  fluctuations  of  the  19  and 
28  GHz  carriera  and  the  sidebands,  bdicating  a  very  broadband  scintillation  m^anUm.' 

4.2  Impact  00  digital  satellite  communlcatlonc 

There  is  an  interest  In  using  wide  (instantaneous)  bandwidth  systems,  wbkb  employ  QPSK  digital  modulatioo  schemes  in 
a  TDMA'format  accompanied  by  a  requirement  for  Imv  error  rates.  Hence  the  Impact  of  atmosphetk>induced  dispersion 
on  the  b«t^erTo^rate  of  wideband  digital  utelbte  communkation  links  Is  of  great  Interest.  A  number  of  calculations  were 
made  for  comparbon  with  available  meanued  results  b  the  range  1040  GHz  (Stutsman  et  al..  1930).  Susolationi  were 
run  with  clear  air,  rain,  rain  and  10>$(  humidity,  and  lab  and  100  %  humidiity,  for  both  single  and  dual  poIaHzatioa 
conflgttiations,  FV^  tl^  r^ulU,  it  appears  that  the  dispenive  effects, of  tke  atmosphere  need  not  to  be  considered  b 
aystesn‘<^Tgnb  the  range  IM  GHz,  while  depolariratimx  does,  degrading  the  linit  performance  by.  1  dB  at  high  error  rales 
and  up  to  2  dO  at  low  e^  fttes  (10'*^)  whkh  is  signifi^t.  Figure  U  shows  the  required  berease  m  camer*to.noue  ratio 
b  the  presence  an  bttrferer  of  level  XPI.  As  a  result,  tlm  linear  phase  variations  are  Boa>dispersiYe,  but  the  honconstant 
(vdth  fr^ueacy)'ampli(ude  vaiatlom  <X  the  atmosphere  aie  dis^rsive.  Thus,  the  quiet  atmosphere  onay  be  expected  to 
have  a  tc^i  effect  on  QPSK  sjutzms  (n  the  1040  CUz'fri^ency  range, 

4.3  What  is  ”tb«  best*  fi^uency  range 

A  fsir  aoMunt  of  controreny  has  been  goog  on  for  years  on  the  possible  use  of  millimeter  wave  systems  More  stuaulatlog 
b  a  dtscttsskh  on  the  advantages  and  disadvantages  of  the  mab  three  ranges  i  below  20  GHz,  the  33  GHz*'wbdoW,'and 
the  9S  GHZ'Window.  The  combination  of  spr«ad*specttum  coasideiatioas,  wide  frequency  allocatton,  the  concern  abwt 
btetferenccsv‘tke  availahUity  of  good  high-frequency  reflectors,  and  the  tremendous  progress  m  semkonductor  technology, 
U  opening  new  roads'aad  offering  new  compron^ses. 

Good  modeb  axe  now  av^bte  for  gaseous  atmoiphenc  attenuate  and  ram  attenuation  b  the  range  10  to  1000  GHz.  It 
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for  *  120  mi  tondwidth  4P$K  systr*  opcroting 
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It  Intcmtisf  mouth  to  fiot«  ih»t  routu  BMjr  h«  iifttttx  for  i&odcriU  saJ  for  hlfh  «r&abhitit)r.  Ftiw*  12  shows  Uut 

for  t  modersU  ftvtiUbtGty  (90  %),  la  «  bl^  r«Ia  4r«A  (Gotf  Coast  StiUrs  la  th«  VS ).  rala  attmutfoa  at  10*  daratioB 
can  still  h«  afordod  at  h!th  tnn'attsy  (74  dB  at  174  CRt),  whkh  is  aot  at  aQ  ih«  rase  for  a  hlfh  avaibbilty  (90  99 
reqoIftmeaU  (Fit.  1^)  (l^uaal  «t  al.,  10&3),  where  the  taia  alteaeatfoa  shoots  off  the  Ksk.  This  sitoaiioo  rhaaie* 
dramatkallr  if  dual  dlrersitj  b  used  where,  at  the  saste  ^weacf  (174  CUt},  the  atteauatfoa  actouais  for  oal/  3.1  dB 
for  99  (FU-  H)  and  oa!f  74  dB  for  9949  %  (Fit.  IS),  at  10*  clentina. 

The  £<«(*  show  that,  ia  a  raia  re^oa,  the  (rc<iuerief  sekctioo  shoold  he  tree  thsa  30  GHs  ta  ordff  to  keep  the 
rala  atteauatioa  reasoaahic.  Vi'hea.  iMwerer,  oae  waota  to'ehoose  aa  optinuA  frt^oeorf  to  combat  aa  upGak  iaterfercace 
source,  aa  eatlrely  djffereat  result  appears.  .Vot  oal;  does  mala  beam  taia  lacrcssc  with  fre^oeaqr  as  Put  the 
tidelobe  eaTefope  drops,  ^ea  for  a  u^onnl;  ilhuniaated  dwh,  w&Vh  b  oae  of  the  worst  illumiaattac  patteras  for  low 
sidefobcs.  Thb  briars  another  /  adraatacc',  heM  a  total  f*  adraatafe  afalnst  iaterfereacce.  Fifurc  19  shows  latetfereace 
sisaal  as  mlaimued  at  33  CUs  for  a  30*  eleratioa  ae|Ie  wHh  a  b*oad  miaimum  showi&c  that  a  choKt  3S-40  GHs  b 
reasonable  tat  99%  aniUbilitjr. 

Fiaally.  ia  additioo  to  the  iacrauac  spatial  dbcrirDbutioa  afforded  by  hither  ftequeacks,  the  Jlocated  spectrum  for 
satellite  use  incresMs  approximately  as  /*  (from  04  GRs  at  X«baad  toorer  2  GHs  at  43  GHs).  The  coo^iaatioa  of  spatial 
discrimlaatfoa  aad  spread  spectrum  adraatsces  yields  aa  ap^ximate  adraata^e  orer  aa  uplink  iaterfcreace  source  : 
the  90  GHs  band  would  bccocoe  competitiee  evea  with  no  direnlty.  Snrprblatly  eaouth,  it  b  already  competitire  la  dual 
dirersity  (Fi(  17).  Of  course,  there  b  a  prke  to  pay.  ia  the  abeolut*  sense  of  tbe  word. 

5  System  implications  for  a  turbulent  atmosphere 

S.l  Influence  of  amplitude  fluctuations  on  dlsltal  conununleatioas  systems 

Various  siafile  hop  satellite  systems  Cakiac  Mediterranean  and  Fast  or  West  tetions  (e  f .  Jspaa  sad  U4.  Wcet  Coast) 
have  been  ptaaned.  The  operation  of  such  links  re<)ulre3  for  earth  statioas  with  low  elcvatioa  above  the  horuoo  (less  than 
10*)  Similar  low^elevation  coaditioas  will  often  be  met  for  air*  aad  ihip^atelLte  commuakations  (et  INMARSAT). 
Under  such  conditions,  amplitude  fluctuatfons  can  be  especially  intense,  at  frequencies  from  1  GHs  up  to  miUmeter-waTc 
frequencies.  These  fluctuatsons  ouy  duturb  various  psrts  of  (he  systems,  in  particular  step-lrackers  and  demodulators. 
Amphtude  fluctuations  appesr  to  the  receiver  as  rand^  variations  of  the  input  level,  up  and  down  the  nominal  value;  For 
a  fiven  system,  the  Intensity  and  bandwidth  of  these  fluctuations  depend  upon  the  mtteotolocical  conditions, 

A  fast^convercuti;  method  to  calculate  the  bU*4rror*rate  due  to  scbtillations  has  recently  been  proposed  (Merlo,  1997),  for 
a  CPOSK  cnedulatioo  system.  At  sucrowaves  aad  with  moderate  traasverse  wiadspe^,  the  baadwidth  of  sciatillatfoa 
process  b  of  the  order  of  1  Hi,  yielding  for  most  cobmuokatiM  purpesee  two  dhtiact  classes,  enhancemenU  aad  fadings, 
rmpectlvely  upgradiag  and  d^adtag  the  BCR.  extrapolation  scintillations  measured  at  II  9GHioa  (he  SIRIO  satellite 
b  used  to  cakuUte  the  BER  due  to  sciatilUtlott  fading  (curve  B  on  Sg.  13),  u  compared  with  line  G,  due  to  thermal 
nobe  alone  w^  can  be  considered  u  the  lower  iirmt  for  tbe  sciatiKatioa  environment.  The  dotted  area  on  the  figure  can 
be  con^dered  as  the  possible  degradation  vea  doe  to  fluctuatsoas,  from  Mgh  elevation  down  to  $-9*.  Hence  tropospheric 
floctuatfoas  may  signlficaatly  degrade  the  performaace  of  satellite  systems  ope.atiag  m  temperste  climates  at  low.eIeratioB 
angles. 

S.3  A  physical  model  for  fluctuations 

The  results  preseatly  obtaia^  by  the  expenmeaters  are  of  a  slatstical  nature,  they  are  consistent  with  the  theory  of 
radioweve  propsgstioa  In  a  turbulent  medium  (Tatarskii,  1971). 

The  authors  have  established  a  model,  char'actetisiag  the  turbulent  atmosphere  by  a  tim^varying  transfer  function,  with 
as  parameters  the.rKeiver  aateana  size  and  radiation  pattern,  the  frequency,  and  (he  geometrical  and  electrKal  parameters 
of  the  medium.  The  model  coastders  the  fluctuations  as  cloud  uhomogeaeitits  *  henve  dielectric  inbomogeneities  >  passing 
through  the  FresneFs  soaes  of  (he  link,  yielduig  multipath  propagatioQ  (Vanhoenaekrr,  19$7.1, 1937*3,  Vander  Vorst  et  al , 
1937).  The  steps  have  beea  the  following : 

1.  the  experimental  study  of  amplitude  fluctuations  of  satellite  beacons 

2.  the  choke  of  a  naodel  compatible  with  atmosphenc  physks  aad  the  expenmeatal  results 

3.  (he  test  of  the  validity  of  the  model  when  compared  to  naeasured  results 

4.  the  use  of  the  model  to  predict  the  tnfuence  of  the  vanous  parameters  on  monochromatic  signab,  aad  on  composite 
ilgnab  Lke  in  HDTV. 

The  mode!  b  based  on  the  geometry  turbulent  celb  crossing  the  link  are  represented  by  complex  persuttivlty  inho* 
mogeneitk*  passing  through  the  Fresacl's  loaes  of  the  space>eaith  link,  h  includes  (he  complex  dielectric  constant,  the 
tbkkness,  size,  and  geometry  of  the  ccUs,  the  windtpecd.  the  altitude  of  the  (utbukncei  the  siss  of  the  antenna,  the  operating 
frequency,  aad  the  baadwidth,  in  the  lO-lOO  GHz  frequency  range  Mathcmatkally,  <t  integrates  over  the  inhomogcneities 
and  over  the  antenna  aperture. 

bhomogeneilles  are  described  as  celb,  with  a  uniform  permittivity  slightly  different  from  that  outside  of  the  ceOs  (Fig.  19), 
w.th  a  Mze  of  the  order  of  1  to  100  m.  st  an  altitude  around  a  kilometer.  Tbe  compbx  permittivity  depends  upon  the  water 
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craUst  (wkt«r  yftpotxr  «a4  tome  liquid  wttcr),  'vith  a  iiStttta*  o(  t&«  order  of  10**  witb  reepect  t>  the  ^urrcoadiac**  The 
keicbt  of  the  iabomocea«OQ5  Uycr  b  froa  £00  to  3000  n :  It  <orreepo&ib  to  the  hue  of  the  cloude.  The  e«oaMtr7  of  the 
cells  b  tAkea  as  cylladricAl.  CoavecUoa,  Indeed,  tadaces  a  t<«Betnr  ffhkh  is  renkaltr  etoatAted.  Spheres,  however,  csa 
he  bsadled  by  the  pro(rAm.  Flactuitloas  Are  ohtalaed  whea  the  cells  are  pessiac  throoch  the  Fresael’s  soaes,  especUUy 
the  first  one.  The  coafiturAtioa  is  showa  At  Fifar*  30  Fi(ure  31  the  cxpressioa  of  the  scaSat  field  At  a  point  receiTcr, 
while  Fifure  31  ^ve«  the  mesa  iacideat  field,'  ia  the  case  of  a  pAtah^ic  aateanA  with  uufona  lUenunAtion  aad  diAsieter 
D. 

The  difficaliy,  aad  the  ori^eAlity,  of  the  problem  lies  la  the  fact  that  three  maia  parameters  are  of  the  same  order  of 
macnltude : 

•  the  diameter  of  the  first  Fresael's  tone 

•  the  diameter  of  the  celb 

•  the  raaiB  lobe  of  the  aateaaa. 

At  ceatiaacter  waveteaith,  these  parameters  are  Indeed  of  the  order  of  10  meters.  Modell^  the  fluctuatioas  on  an 
lastantaaeouA  basb  yields  a  transfer  fuoctton,  Taryiot  la  tiate  since  the  cells  art  awvi.Qf  at  the  wiedr,>eed.  In  some  cases, 
the  transfer  fuactioa  varies  very  anich  with  frequency,  due  to  the  combined  ctfcct  of  the  three  mala  pitaomeaa : 

•  the  change  b  radius  of  the  Fresnel's  tones,  as  a  fuactioa  of  the  square  root  of  frequency 

•  the  phase  shift  accross  the  dielectrK  cell,  almost  proportional  to  frequency 

•  the  radiation  pattern  of  the  antenna,  with  iu  first  tero  mverseiy  proportional  to  frequency. 

The  combination  of  the  three  effects  leads  to  some  surprubt  results,  b  particular  for  the  troup  delay,  which  may  be  of 
the  order  of  30  nanoseconds  over  a  bandwidth  of  £0  MKt. 

Some  preliminary  ccnclustons  are  the  followini,  for  a  slnfle  centered  ceil,  as  a  function  of  frequency  between  0.1  and 
SO  GUs : 

1,  the  period  of  oscillation  b  mainly  affected  by  the  diameter  and  not  by  the  thkincss  of  the  cell 

3.  the  variation  of  the  tfoup  delay  b  quite  complkate  and  cannot  easily  be  predicted  from  the  parameters 

S.  the  fint  tero  of  the  radiation  pattern  flattens  the  amplitude  of  the  fluctuations  over  some  frequency  ranie. 

Fi(ure  33  shows  the  transfer  function  In  amplitude  and  phase,  and  the  (roup  delay,  from  0 1  to  £0  GHt  (1  m-dish  receiver, 
£1.3  m  diameter  of  the  ceil;  3000  m  cell  altitude,  3S0  mcell  tbklness). 

It  may  be  concluded  that  fluctuations  are  obtained  when  dteketne  bhom^eneities,  due  to  water  content  mhomogeneities, 
are  crosslnc  the  fint  EVesnei's  rones  of  the  link.  The  model  has  been  sati^actonly  tested  on  a  bnlimensional  cell  network. 
Impulse  and  step>respoAse  of  the  flactuatie(  medium  have  been  cakulated,  and  the  model  can  be  used  for  composite 
sifoab. 

6  Conclusions 

Coins  hlfher  frequencies  raises  new  questions.  It  b  associated  with  troadbandioi  whkh  b  abo  subject  to  new  difficulties. 
Hish  frequencies  are  competitive  with  lower  onci.  Quiet  atmospheres  are  described  by  already  eustins  modeb.  Turbulence 
in  (he  atmosphere,  however,  may  harm  systems  at  millimeter  waves. 
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SUKKABY 

The  features  of  HP  terrestrial  and  aeroaobtle  wideband  systems,  all  of  which  use  Ionospheric 
propagation  or  are  Interfered  with  by  ionospherlcally  propagated  signals,  are  outlined. 
These  systems  include  radlocoaaunicatlon  (predoiBlnintiy  digital)  and  HF  radar. 

The  limitations  imposed  by  ionospheric  propagation  W)  the  bandwidth  of  such  systems  arise 
from: 

1  Mode  changes 

2  Multipath 

3  Faraday  rotation 

4  Doppler  shift 

5  Doppler  spread 

These  properties  are  discussed  and  their  implicatlMis  for  systems  illustrated  by  means  of 
the  scattering  function  and  sweep-frequency  sounding  data. 

Other  problems. of  the .ionospheric  channel  are  atmospheric  and  man-made  noise,  and  spectral 
occupancy.  Noise  Is  briefly  reviewed,  but  special  attention  is  given  to  spectral  occupancy, 
with  the  inclusion  cf  measured  statistics  and  a  mathematical  model. 

Examples  axe  given  of  wideband  communication  systems  using  frequency  hopping  and  chirp 
signals.  The  measures  which  can  be  taken  to  sustain  operation  in  severe  spectral  congestion 
are  illustrated. 

The  rather  different  requirements  of  KF  radar  systems,  both  sky-wave  and  ground-wave,  which 
demand  the  achievement  of  very  wide  dynamic  range  and  Doppler  discrimination,  are  also 
outlined  and  Illustrated.  The  effects  of  Doppler  shift  on  target  echoes,  sea  and  land 
clutter  and  the  severe  problem  of  auroral  echoes,  with  their  large  Doppler  spreads,  are 
presented  in  relationship  to  band  spreading  techniques,  in  particular  chirp  and  direct 
sequence. 


X  XNTBODUCTZON 

The  KF  portion  of  the  spectrum  (formally  defined  as  3-30  MHz  or  100-10  m,  although  for  many 
purposes  extending  down  to  2  MHz),  is  that  frequency  band  in  which  the  reflecting  properties 
of  the  ionospheric  layers  are  used  to  achieve  transmission  around  the  curve  of  the  earth 
at  modest  powers,  without  the  need  for  the  satellite  relays  of  higher  frequency  bands  or 
the  massive  antenna  systems  of  lower  frequencies.  The  attenuating  property  of  the  D  layer 
of  the  ionosphere  and  the  reflecting  properties  of  the  B  and  F  layers  vary  with  the  time 
of  day  and  year,  but  permit  communication  to  world-wide  distances,  provided  the  transmitting 
frequency  can  be  changed  at  Intervals  to  keep  atep  with  the  diurnal  and  seasonal  migrations 
of  the  available  operating  band.  This  band  is  limited  at  the  low  frequency  end  by  the 
lowest  usable  high  frequency  (LUHF).  The  LUHF  is  governed  by  the  slgnal-to-nolse  ratio, 
which  is  determined  by  the  transmitter  power,  antenna  gains,  the  signal  attenuation  in  the 
lonosohere,  and  the  noise  level  arising  from  atmospherics  and  man-made  sources.  At  the 
high  'frequency  boundary,  defined  as  the  maximum  usable  frequency  (KUF),  propagation  is 
limited  by  'electron  limitation',  the  escape  through  the  Z  and/or  F  layers  of  the  obliquely 
incident  energy,  which  at  lower  frequencies  would  bo  refracted  back  the  receiving  terminal. 
The  HUF  changes  from  day  to  day,  and  the  optimum  working  frequency  (OWF),  alao  known  as  the 
frequency  of  optimum  traffic  (FOT),  Is  defined  as  the  highest  sky-wave  frequency  that  Is 
likely  to  propagate  for  90%  of  the  days,  for  a  defined  path  and  time.  Empirically,  the  owp 
Is  usually  taxen  to  b«  6S%  of  the  MUr. 

The  propagation  factors  just  mentioned  govern  all  sky-wave  ccomuntcation  and  radar 
activities,  and  also  govern  the  Interference  level  In  ground-wave  systems.  However  in 
wideband  systems,  additional  constraints,  such  as  coherence  across  the  band  and  spectral 
occupancy,  control  the  feasibility  of  operation  and  it  is  these  constraints  and  the 
consequent  practicability  of  various  wideband  systems,  which  concern  us  here. 

A  general  review  of  wideband  systems  has  been  given  in  an  earlier  lecture.  Special 
constraints  arise,  however,  in  HF  systems  using  sky-wave  propagation  due  to  the  time- 
variable,  multipath  environment  and  ws  will  list  the  different  types  of  wideband  system  and 
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tb*n  roUt«  tk«lr  «stential  prop«rtl«<  to  thlo  sediua. 

Hidttwnd  or  spr*«d  tpoctnos  digital  slgnaU  Bay  b*  daflncd  at  thosa  vbosa  procasalng  gain 
Is  such  graatsr  than  unity,  i^arc  processing  gam  Is  the  ibsndwidth  x  bit  duration)  product 
for  the  signal. 

Such  signals  say  be  broadly  divided  Into  i  basic  types  (1,2,3,4,S): 

1  Direct  sequence  aodulated 

2  Frequency  homing 

3  Chirp 

These  offer  the  following  possible  advantages: 

1  Selective  addressing 

2  Code  dlvlalM  multiple  access 

3  Resolution  of  multipath  ccmponents 

4  Inherent  privacy 

5  Low  power*spectral'‘denslty 

6  Interference  rejection 

At  HF,  the  low  powex-speetralrdensity  may  not  be  an  advantage  when  Independent  transaitters 
and  receivers  are  close  to  each  other.  Also,  the  Interference  from  other  liF  users  may  be 
too  severe  for  useful  rejection  by  virtue  of  the  signal  processing  gain  alone. 

During  the  last  30  years,  spread  spectrum  communication  systems  have  been  constructed  for 
HF  operation  (6),  with  published  bandwidths  as  high  as  1  KHz  (7).  These  have  had 
essentially  specialised  tactical  applications,  and  In  general  spread  spectrum  systems  for 
communication  have  not  gained  acceptance  at  HF.  This  may  be  due  to  the  coablnod  factors 
of  performance,  difficult  instrumentation,  and  the  ethical  and  legal  constraints  of  using 
a  wide  bandwidth  in  a  congested  spectrum  without  international  agreement  on  frequency 
assignments  for  such  systems.  Such  difficulties  have  been  overcccoe  in  other  bands;  for 
instance  the  *GSM'  scheme  for  public  mobile  radiotelephony  in  Europe  incorporates  spread 
spectrum  techniques.  If  the  advantages  of  spread  spectrum  adoption  were  to  become 
sufficient,  no  doubt  they  could  be  adopted  in  the  HF  band  also. 

For  radar  systems  at  HP,  the  demand  for  coherent  Doppler  velocity  discrimination  in  order 
to  achieve  sub«olutter  visibility  of  targets  dictates  a  requirement  for  coherent  integration 
for  a  period  of  seconds,  and  a  dynamic  range  of  in  excess  of  $0  do.  This  limits  the  scope 
for  frequency  agility,  both  to  achieve  useful  integration  times  and  adequate  signal-tO'’ 
Interference  ratio.  However,  there  is  a  strwg  motivation  for  using  a  wide  bandwidth  in 
that  the  ranee  resolution  that  can  be  achieved  with  the  normal  communication  bandwidth  of 
$•10  )cHs  is  less  than  would  be  desirable  for  target  tracking. 

From  what  has  been  said,  It  is  clear  that  a  good  understanding  of  the  radio  environment, 
propagation,  noise  and  Interference,  Is  needed  for  the  proper  assessment  of  widsband 
techniques  at  Kf.  ve  shall  therefore  begin  by  a  survey  of  the  environment  before  returning 
to  systems. 


2  THE  EKV2R0NKENT 

The  invironaent  exhibits  three  malor  aspects;  propagation,  noise,  and  Interference  from 
other  HF  users.  Each  of  these  will  now  be  considered. 

2.1  Propagation 

Figure  1  shows  a  typical  scenario  of  HF  communications  and  radar  operations.  In  figure  la 
we  see  two  main  ray  paths,  1  and  2,  from  a  transmitter  7  to  a  receiver  R  by  way  of  the  E 
and  F  layers  respectively.  The  E  layer  reflection  has  the  shorter  time  delay  and  a  positive 
Doppler  shift  due  to  downward  layer  motion,  while  the  F  layer  reflection  has  the  longer  time 
delay  and  a  negative  Doppler  shift  due  to  the  upward  layer  motion.  A  third  path,  3, 
Involves  side  scatter  from  Irregularities  on  the  earth's  surface  and  will  have  a  spread  of 
time  delays  and  .(In  general)  a  spread  of  Doppler  shifts  about  a  mean  shift,  due  to  the 
undulation  of  the  layer  and  the  differing  geometries  of  the  various  scatter  paths.  Finally, 
path  4  represents  scattering  from  magnetic  field  aligned  auroral  Irregularities,  such 
irregularities  have  high  velocities  and  give  Doppler  shifts  up  to  lO's  of  Hertz  with  a 
spread  comparable  with  the  mean. 

The  scatter  m^es  have  strengths  typically  20  ds  or  more  below  the  dominant  Uyer>propagated 
modes  and  can  often,  therefore,  be  neglected.  However,  If  the  main  modes  fade  out  due  to 
electron  limitation,  the  scatter  modes,  with  their  large  time  and  Doppler  spreads,  can 
become  dominant. 

The  figure  also  shows  'ft  ground  wsve  ship-shore  ccmunlcatlon  link,  with  the  ground-wave  path 
8ho^m'at  S  and  a  sky-wave  path  at  6,  In  both  sky-vave  and  ground-wave  links,  sky-wave  borne 
interference  can  be  present  from  other  transaitters,  multipath  modes  being  also  possibls 
for  this. 

Figure  lb  shows  an  HF  radar  operating  with  transmitter  7  and  receiver  R  separated,  but  close 
enough  together  with  respect  to  the  target  range  to  bo  considered  monostatle.  Echoes  are 
received  from  the  ship  target  by  way  of  two  paths,  one  refracted  by  the  E  layer  (positively 
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'Doppltr- •hlfttd)  and ' on« -bs'^tb«  F 'l4y*r  (naoativaly  Dopplar  shittad).  Thar*  >wiU 
additicMlXy  b*  tvo  Kixad  aodaa,  out  by  F  back  by  ^  out  by  B  -  back  b^P.  Tbaaa  will 
bay*  Identical  path-longib  and. Doppler  shift  {for  collocated  transmitter  and  receiver). 
Ground'clutter’will  also  be  received  from  each  resolution-cell,  defined  by  the  beam  width 
dd^and'the  pulse  duration.  Back-scattered  echoes  fro*  auroral virregularitles  are ‘also 
depicted,' seen  by  way  of  antenna  stdelobee.  the  tat^et  echo  can  be'distinguished  from  the- 
surfacS'Clutter  by  its  Doppler  shift  (provided  the  radial  velocity  it  non-xero),  but  the 
auroral' echoes' Will 'have  a  wide  spread  of  Doppltr  shifts  and  constituts  an  enhanced 
frequency;*spread'^ 'noise  floor',  agatnet  which  target#  mutt  be  detected.  ' 

Xn  addition  to  these  effects  of  the  environment  on  the  vaot^  elgnals,'  the  receiving  antenna 
will  pick  up  atmospheric  noiee, .man-made  noise  end  interference  from  other  transmissions, 
all  weighted  by  the  antenna  directional  response  lo  the  direction  of  arrival.  Before  v« 
consider  roiee  and  interference;  we  will  discuss  tiie  -propagation  effects  on  the  wanted 
signals^ 


2.1.1  The' scattering  function  and  Its  application. 

A  useful  representation  of  both  the  time-delay  and  Doppler  shift/spread  in  such  propagation 
environnents  (0)  is  illustrated  in  figure  2  (9).  This  Is  the  'scattering  function*  and 
characterises  the  received  power  as  a  function  of  time  delay  and  Doppler  shift, 

P(r,*4)  ■  S(i.fJ  di  df^, 

Pimre  2a  shows  the  measured  scattering  function  for  transmission  from  Swindon,  U.K.  to 
Heligoland,  P.B.G.  under  undisturbed  ionospheric  conditions:  the  time  delays  and  Dopplsr 
shifts  for  propagation  by  way  of  r.  and  P  layers  are  Identified.  Two  discrete  delayed  pulses 
are  identifiable  with  a  relative  delay  of  2  me,  and  a  relative  Doppler  shift  of  0.1  Hx. 
Plgure-lb  again  shows  two  discrete  pules  echoes,  with  the-additlon  of  a  dispersed  slds- 
scattered  echo,  from  lonospberie  irregularities.  The  two  discrete  pulses  (1  nop  P2  and  1 
bop  P2  >  1  hop  8,  identified  as  N)  differ  In  time  delay  by  1  ms  and  In  Doppler  by  0.)  Kx. 
The  aide  scattered  energy  is  spread  over  4  ms  and  l.S  Kx, 

Piguxe  3c  show#  an  example  of  the  scattering  function  obesrved  with  a  sky-wave  radtr  (10). 
Por  convenience  the  time  delays  are  expressed  as  free  space  range  r,  equivalent  to  ISO  km 
per  millisecond.  Tlis  total  spread  In  time  delay  here  is  28  sm  and  the  total  D^ler  spread 
3.5  KX. 

Vs  can  estimate  some  cbarseteristlcs  of  the  wideband  channel  directly  frtm  these  scattering 
funotion  plots  by  simple  arguments.  Pirst  we  eoneider  the  interference  of  two  continuous 
wave  signals  arriving  by  different  paths  and  the  variation  of  the  sum  of  the  components  as 
the  frequency  is  changed;  this  results  in  a  periodic  pattern  of  minima  of  signal  strength 
across  the  frequency  band  (figure  3a).  If,  for  a  transmitted  frequency  f  and  free  space 
velocity  of  propagation  c,  tba  two  components  have  arrival  times  differing  by  T,  then  the 
path  length  difference  between  them  is  cT.  If  the  frequency  is  now  increased  by  8f,  while 
the  ionospheric  configuration  remains  stationery,  the  number  of  wavelengths  M  in  ths  path 
cr  Will  increase  by. 


ev  S  dK  6f  •  d  (eT\  8f  t  d  ifT|  Of  *  T  8f 

3T  \  a  /  ^ 

Thus  for  ons  extra  vavalength  of  relative  path  length  (ON  *1),  corresponding  to  ths  spacing 
between  two  minima  of  received  signal,  the  frequency  change  must  be  t/t  hs.  or  1  kHx  for 
I  ms  of  relative  delay. 

If,  in’sddition  to  the  relative  time  delay  between  tho  components,  thsze  Is  now  e  diffszence 
in  Dopplsr  shift  of  Of^,  the  relative  phase  between  the  coopcnents  as  rtcsived  will  cycle 
through  Is  every  1/Of^  seconds.  The  minima  will  now  travel  along  the  frequency  band,  one 
miniwim  moving  along  to  take  the  place  of  the  next  in  1/Of,  etconde  (figure  3b).  This  it 
the  phenomenon  of  selective  fading,  familiar  to  ehort-vave  broadcast  listsners,  in  which 
severe  distortion  of  an  amplitude  modulated  broadcast  signal  occurs  as  minltaa  or  nulls  move 
through  the  signal  spectrum,  causing  the  carrier  to  fade  out  let^rarlly  and  the  sidebands 
to  intsefers.  Por  spread  spectrum  signals  that  depend  on  preservation  of  phase  coherence 
across  ths  frequency  band  (e,g.  direct  sequence  or  chirp  as  ^posed  to  frequency  hopping), 
this  phencmenon  can  be  catastrophic  unless  equallxatlon  or  other  remedial  action  is 
undertaken  in  the  receiver. 

The  simple  arguments  above  have  assumed  two  modes  only:  the  analysis  can  be  extended  to 
several  discrete  modes  or  to  scatter  modes  by  using  Pourler  Tiansfona  .‘elatlonships  between 
the  Power-Delay  and  Power-Prequency  response  and  between  the  Pover-Doppler  shift  and  the 
temporal  autocorrelation  function  (li). 


2.1,2  Propagation  sounding  and  spread  epectrua 

The  scattering  function  characterization  is  valuable  for  HP  operation  over  a  frequency  band 
for  which  the  group  delays  of  the  different  components  do  not  vary  significantly.  In 
lonospharic  propagation,  however,  there  are  significant  changss  in  the  modes  of  propagation 
as  ths  frequsney  approaches  and  movss  thrwgh  the  MVP's  of  the  i  hop,  2  hop  and  more  complex 
modes.  Another  phenomenon  not  adequately  characterised  is  Pacaday  rotation,  a  polarization 
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rotation .«ff*ct  caused  by  the  effect-of  the  Earth!*  magnetic  field  on  a  wave  propagating 
through  tto  Ionosphere. 

These  features  of  ionospheric  propagation  are  revealed  by  'sweep*freguency  oblige*  Incidence 
ionospheric  .sounding-experiaencs,  .  Conventionalv oblique  sounding,  whether -by  pulse  or 
continuous  wave  technique,  reveals  the  code  change*. as  layer  penetration  occurs, -but  a  sweep 
tijM  of  10  tO'JOO  second*  Is.norBally  too  slow  to  show  up  any  fine  scale  spectral 'structure 
varylng.on  a  tice  scale  of  seconds.  Figure  4  shows. a. tracing  of  such  a  slow  sweep  sounding, 
with  cosputed  tine  delays  derived  froct  a  cld-^point  sounding  overlaid:  the  tlae  delay  spread 
of  the  arriving  signals  at' a  particular  frequency  can  be  seen  to  extend  up  to  10  as,  while 
the, changes; of  node.ars  clearly,  identifiable.  The  figure  reveals  the  coeplexity- of  the 
BUltlpath-structurevat'HF,  even-when  phase  behaviour. is. ignored. 

An  experlaentv  alM^  at  characterising  the  ai^lltod*,  phase  and  cultipath  structure,  of  a 
wlde'band  signal  received  over  a  234  )a  path  and  on  a  time  scale  of  seconds  was  carri^  out 
in  the  U.K.  by  Salous  and  Sheaman  (12).  A  dlgitallysynthesized  CW  transmission  sweeping 
at  i  KHz/s  over  a  bandwidth  selectable  up  to  S  MHz  was  repaated  at  10  s  intervals.  The 
transmitter  and  receiver  were  both  synchronised  to  rubidium  frequency  standards,  the 
received  signal  being  mixed  with  a  swept  frequency  local  oscillator,  digitally  synthesized 
like  that  of  the  transmitter.  With  such  a  system,  the  receiver  output  yields  a  steady  tone 
for  aiflxed  path  delay. 

For  a  number  of  path  delays,  spectrum  analysis  of  the  receiver  output  produces  an 
amplUude/frequency  plot  corresponding  to  the  ai^lltude/delay  plot  which  would  be  obtained 
fror  a  pulse  sounding.  If  the  frequency  is  swept  over  a  bandwidth  B,  a  spectrxua  analysis 
will  reveal  the  echo  structure  which  t/ould  be  obtained  with  a  pulsa  sounding,  with  a  pulse 
length  t  ■  1/8.  An  example  of  a  series  of 'such  aaplltude/delay  plots  obtained  by  Salous 
over.tho  234  km  path  mentioned  above  appears  in  figure  S.  This  was  processed  by  analysing 
123  kHz  segments, of  a  continuous  sweep,  to  give  a  resolution  of  d  ps  on  the  time  delay  axis. 
It  will  be  seen  that  for  this  single  hop,  F  layer  propagated  path,  the  time  delay  increases 
non*linearly  by  1  as  over  the  4  KHz -band  as  layer  penetration  is  approached,  and  the 
arriving  signal  splits  into  two  nagnetO'ionic  components  with  time  separations  increasing 
to  O.S  ms. 

An  advantage  of  this  'swept  frequency, continuous  wave'  (srcw)  or  !chlrp«soundlng'  technique 
is  that  If  the- receiver  output  is  recorded  and  digitis^,  oblique  ionograms  such  as  figure 
S  aay.be  produced  off^'llno  with  delay  and  frequency  resolution  chosen  at  the  time  ,  of 
processing,  rather  than  being  set  by  the  experimental  parameters,  in  this  experiment,  two 
further  choices  were  made;  &lngle«hop  data  only  was  selected  for  processing  by  filtering 
out  the  two>  and  three-hop  modes  and  an  interference-excision  algorithm  was  also  introduced 
to  eliminate  frequencies  coinciding  with  broadcast  and  other  interference.  (A  pulse  sounder 
with  the  same  tine  resolution,  6  ys,. would 'find. very  few  123  kHz  frequency  slots  clear  of 
Interference).  Both- these  techniques  are  also  of  use  in  spread-spectrum  communication, 
where  the  use  of  the  wide-band  properties  to  select  one  multipath-free  mod*  from  the  complex 
arriving  signal  permits  the  signalling  rate  to  be  greatly  increased,  while  interference 
rejection  is  always  of  crucial  importance  in- the.  HP  band. 

So  far  we  have  looked  only  at  the  time  delay  structure  of  the  path  response.  Figure  6  shows 
a  set  of  measurements  of  the  amplltude/frequency  response  for  a  sequence  of  20  sweeps,  the 
sweeps  being  made  at  10  second  Intervals.  A  2.7  MHz  span  is  covtred.  The  key  feature  to 
note  is  that  in  spite  of  the  elimination  of  two-  and  three-hop  modes,  which  were  the  source 
of  frequency  selective  fading  discussed  in  section  2  1.1,  tbo  signal  still  exhibits  deep 
fades  as  certain  bands  are  traversed.  The  record  has  been  analyzed  In  detail  elsewhere 
(12),  where  it  is  shown  that  the  remaining  frequency  selective  fading  is  due  to  the  presence 
of  the  two  magneto-ionic  components  (ordinary  and  extraordinary),  whose  relative  tine  delay 
is  usually  too  small  to  resolve  satisfactorily.  It  will  be  noticed  that  the  low  frequency 
portion  of  the  records,  5-5.5  MHz,  exhibits  very  little  frequency  selective  fading.  This 
arose  because,  at  low  frequencies,  the  extroidinaiy  component  of  the  FI  reflected  path  was 
heavily  attenuated  compared  to  the  dominant  ordinary  wave  of  the  F2  path,  when  penetration 
of  the  FI  layer  ocurred,  the  two  F2  layer  reflected  components  were  of  more  nearly  similar 
amplitudes  and  fade  depths  of  3  to  IS  ds  ocurred. 

Such  evidence  shows  that  frequency  selective  fading  between  different  layer  hop  nodes  can 
usually  be  eliminated  using  the  delay-time  discriminatory  properties  of  a  wideband  signal, 
but  the  magnetO'-lonic  or  Faraday  rotation  effects  often  define  the  widest  coherent  bandwidth 
of  the  medium  and  therefore  set  a  limit  to  the  comaunlcatlon  bandwidth.  This  topic 
therefore  requires  special  treatxMnt  here. 


2.1.3  Magneto-Ionic  effects 

in  an  ionosphers  without  a  static  magnetic  field  present,  the  refraction  of  radio  waves 
would  occur  in  the  fashion  of  the  ray  diagrams  shown  in  figure  1,  with  a  single  ray  for  each 
mode  of  propagation.  With  a  static  magnetic  field  present,  propagation  of  a  circularly 
polarized  wave  travelling  along  the  field  direction  will  differ  according  to  the  sense  of 
rotation:  if  the  sense  is  such  as  to  make  an  electron  gyrate  around  the  field  so  that  its 
radius  is  Increased  by  the  J  X  8  force.  It  will  experience  an  enhanced  collisional 
absorption  and  an  altered  refractive  index:  this  is  the  extraordinary  component.  It  the 
sense  of  rotation  Is  reversed,  the  absorption  is  less  and  the  refractive  Index  different. 
Corresponding  effects  are  encountered  for  other  directions  of  propagation  relative  to  the 
magnetic  field,  but  the  two  characteristic  polarizations  will  now  be  elliptical. 
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¥•  now  contldar  *  linearly  polarized  wav«  Incident  on  the  base.ol  the  ionoapbere.  fbc  wave 
Bay  be  resolved  Into^two  coaponents  having  the’cbaracterlstlc  polarizations  appropriate  to 
the  direction  relative  to  the  Earth's  eagnetlc  field  at  that  location.  These  will  then 
travel  <as'yseparate‘  entitles  through^  the' Ionosphere/  undergoing  refraction  and- phase 
retardation  appropriate  to  their  slightly  different  refractive  Indices.  Xf  the  transalsslon 
has  sufficient  bandwidth  to  resolve  the  coepmenta  In  tine  of  arrival^  as  in  the  lonograa 
of  figure  S,  we  can  Btasura  the'  retardation,  absorption  and  phase  retardation. Individually. 
If  the  transBlsslon  Is  continuous  wave 'or  narrow^band,  no  tine  resolution  will  occur  and 
the  two  coBponents  will  add  vectorially.  tor  circularly  polarized  eharaeterlstic  waves, 
the. vector^ SUB  is  linearly  polarized  and ‘the  orientation,  of ■thls^polarlzatlon  rotates  a 
It  traverses  the  ionosphere  (figure  7).  a  linear  recelvlng^antenna  will  be  excited  by  that 
coaponent  of  the  Incident  field  parallel  to  It, 

Kow,  if  the  ionosphere  varies  with  tlae,  one  of  the  Bagneto*ionie  ccaponents  will  suffer 
phase  retardation  and  therefore  rotation  reletive  to  the  other  and  the  orientation  of  their 
veetor'^sua  will-  rotate„progretslvely,  the  phenccaenon  of  Faraday' rotation.  The -voltage 
Induced  in.the  linear-antenna  will  therefore. fluctuate  In.a&plitude  and  phase  periodically 
and.>8hows'the  effeet-’seen  >  in '■figure  6' if  we  follow  the  history  of  the  voltage  at-one 
particular  if requency- through  sucessive  sweep  saaples, 

Xf/at  one  instant, :the  freq<jency  la -swept,  the  saae  Faraday  rotation  effect  occurs,  as  is 
seen  by  followlng.the  history  of  the  aBpIitude  variatl^  through  one  single  frequency  sweep. 
The  rate  at  which  fades. occur,  is  governed  by  the-relative  rates  of  change  of  phase  path 
of  the  two  ccaponents. 


2.1i4  Coherent’  bandwidth  and  pulse  distortion 

Fast  swept  frequency  soundings  provide  inforBatl<m  the  data  rates  that  are  practicable 
with  coherent  techniques  such  as  direct  sequence  spread  spectruB.  {Reference  12  discusses 
these  factors  in  the  light  of  the  above  experlaental  soundings. 

Inspection  of  figure  6  shows  that  the  polarization  bandwidth,  defined  for  this  purpose  as 
the  bandwidth  between  -S  dB  responses,  varied  between  1  HHz  and  4  )iHz.  The-largest  coherent 
bandwidth  was  only  observed  in  October  and  was  due  to  the  shallow  fadesr^  less  than  $  do  * 
when  the  extraordinary  Pi  wave  was  attenuated  relative  ^o  the  only  other  component,  the 
ordinary  F2  wave.  On  aost. occasions, -the  BaxiBun- coherent  bandwidth  was  of  the  order  of 
100*1SO  kitz.  .Such  a  BaxlBUB  would  be^expected  where  the  difference  in  phase  path  between 
ordinary  and  extraordinary  Bodea  passed  through  a  ainiaua,  giving  a  saall  relative  rate  of 
'Change, 

A < representation  different  frca  the  coherent  bandwidth  parameter,  but  relatable  to  it  is 
the  pulse. response.  -Figure  B  shows  the  response,  at  different  frequencies,  of  the  saae 
channel  to  1  ps  pulses  as  deduced  froa  the  sweep  frequency  sounding  of  figure  S.  This  Bakes 
■  Clear  the  tikie  separation  of  the  ordinary  and  extraordinary  arrival  pulses  as  the  MUF  Is 
approached  and  the  time  spreading  in  the  individual  pulse  ccaponents  arising  froea  the 
variation  of  group  path  across  the  bandwidth  of  the  pulse. 


2.1.S  Systea  iaplications  of  path  sounding  data 

MilsM  and  Slator  (13),  using  a  pulse  aBplltude-lBpalraent  criterion  In  teras  of  the  slope 
of  the  group  tlae  delay,  i,(f)  (due  to  sunde  (14)),  give  as  the  Halting  direct  sequence 
spread  bandwldtn,  C,  •  l/(cnip  rate), 

C,  ■  (a/4,(f))'/* 

where  a  ■  l.S  for  a  3  dB  loss  in  slgnal^to^nolse  ratio,  and  the  dot  signifies 
differentiation  with  respect  to  frequency. 

The  authors  quote  a  typical  figure  for  t  (f)  of-200  ps/KHz  for  operation. at  0.8S  of  the  KU? 
at  night  over  SCO  and  1000  ka  paths  unMr  various  ionospheric  conditions.  This  value  Is 
in  agreeaent  with  the  values  found  In  the  above  exporlaent.  with  this  value  the  Halting 
Chip  rate  is  of  the  order  of  87  K  chips/s.  Such  a  chip  rate  was  used  in  the  experlBenual 
Bodefii  developed  by  Scheael  and  Ince  at  SHAPE  Technical  Centre  (1$). 

He  note  here  that  systems  have  been  demonstrated,  which  aeasure  the  response  of  the  channel 
and  equalize  this  over  a  wider  bandwidth  than  that  achievable  under  the  above  criteria. 
At  Mitre,  Perry  (7)  has  reported  tests  of  a  systea  designed  to  equalize  an  ionospheric 
channel  ovar  a  1  KHz  bandwidth. 


2.2  Koise 

In  addition  to  tlae  varying  dispersion,  the  HP  channel  It  typically  Halted  by  additive 
noise  and  interfercnca,  where  Interference  infera  unwanted  signals  froa  other  HF  users. 
The  linearity  imperfections  of  the  receiver  (generating  unwanted  interaodulation  and  cross 
Bodulation),  and  reciprocal  aixing  terms,  are  not  considered  in  this  paper. 

The  ideal  ainlaua  noise  level  is  the  thermal  noise  level  of  the  receiver,  plus  the  thermal 
noise  level  of  the  antenna.  However,  at  HP.  external  noise  received  by  the  antenna  usually 
predominates,  where  the  external  noise  consists  of  atmospheric,  galactic,  and  aan-aade 
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nolso.  Figure  9  shows  the  relative  levels  of  these -noise  sources  as -a  function  of 
frequency,  as  neasured  with  a  short,  cenl^directional,  vertical  antenna. 

Figure  9  defines  the  noise  level  by  P,,  the  ratio  of  noise  power  to  the  corresponding 
theraal  noise  power. 

p.  ■  10  1C..  dB 

Here  K  is  Bolttaann's  constant  (1.38  x  10'^*  J/K),  T  is  the  reference  tenperature  (286K), 
and  b  is  the  noise  bandwidth  of  the  receiving  syst^a  {Hz}. 


2.2.1  Atmospheric  noise 

The  sources  of  atmospheric  noise  are  lightning  discharges  thxoughout  the  world,  typically 
travelling  long  distances  by  sXywave  paths.  For  a  given  thunderstorm  activity,  the 
atmospheric  noise  level  received  at  a  particular  location  depends  on  propagation  conditions, 
and  hence  a  diurnal  variation,  and  longer  term  variations  occur.  Thunderstoza  activity  Is 
highest  in  tropical  regions,  where  the  noise  level  may  be  15  dB  greater  than  for  latitudes 
of  40^,  while  in  the  Arctic  region  the  noise  may  be  15*25  dB  lower.  Koise  maps  are  given 
in  CCXR  Peport  322,  which  also  gives  details  of  frequency  and  time  dependence.  Atmospheric 
noise  is  greatest  at  low  frequencies,  and  relatively  unimportant  above  30  MHz. 

Galactic  noise  originates  frox  radio  stars  and  the  galactic  halo,  and  may  exceed  the 
atmospheric  noise  level  at  frequencies  above  10  HHz.  At  the  surface  of  the  earth,  galactic 
noise  is  only  observed  when  operating  above  the  local  vertical  incidence  critical  frequency. 


2.2.2  Man-made  noise 

Handmade  noise  generated  by  eleocrical  equipment  may  be  significant.  This  is  essentially 
propagated  by  power  cables  or  by  ground  waves,  and  can  be  substantially  minimised  by  proper 
siting  of  the  receiver. 

Median  values  of  man-made  noise  are  shown  in  figure  9,  as  curves  A  to  D,  for  business, 
residential,  rural,  and  quiet  rural  areas  respectively,  where  these  areas  are  defined  in 
CCXP  Report  2S8.  These  curvet  correspond  to  measurements  made  in  the  U.S.A  ,  and  U.K. 
measurements  indicate  that  D  is  appropriate  for  rural  areas,  and  that  the  corresponding 
curves  A  and  B  are  lower  that  those  of  figure  9. 

efforts  have  been  made  to  model  man-made  noise,  using  Gaussian  and  Chi-square  distribution 
functions,  where  the  appropriate  model  is  dependent  on  noise  measurements  made  at  the 
particular  site.  The  models  may  be  used  to  predict  the  probability  that  the  short  term 
signal-to-noise  ratio  for  a  given  comaunloation  system  exceeds  the  value  requited  for 
successful  ceamunication,  and  are  given  in  the  same  CCIR  Report. 


2.2.3  System  implications 

The  properties  of  noise  and  its  effect  on  cocuunication  systems  are  presented  in  CCZR 
•-eports  258,  322,  339  and  670  Also,  CCIR  Report  894  gives  signal  field  strength  prediction 
techniques,  to  enable  received  slgnal-to-noise  ratios  to  be  estimated,  and  system 
performances  determined. 

The  received  signal  power  P,  is  given  by 

P,  B  Pj  ♦  G,  +  0,  -  1/  dBW 

where  P^  is  the  transmitted  power,  G^,  G,  are  the  gains  of  the  transmitting  and  recei/irg 
antennas  respectively,  and  L  is  the  path  loss. 

The  main  component  of  path  loss  is  the  free  space  loss,  Ls,  resulting  from  the  divergence 
of  the  signal  as  it  radiates  from  the  transmitter,  and  Ideally  given  by 

where  f  is  the  radiated  frequency,  and  d  is  the  path  length. 

This  is  essentially  the  inverse  square  law  of  optics  applied  to  radio  transmission,  and  this 
ideal  formula  assumes  that  the  atmosphere  is  uniform  and  ncn-absorbing,  and  that  the  earth 
is  infinitely  far  away,  or  its  reflection  coefficient  is  zero  In  practice,  the  modifying 
effects  of  the  earth  and  ionosphere  need  to  be  considered. 

An  important  property  of  the  detection  of  digital  signals  in  additive  white  Gaussian  noise, 
is  that  the  probability  of  data  bit  error  at  the  detector  is  ideally  independent  of  signal 
bandwidth,  which  is  a  fundamental  requirement  when  wideband  signals  are  to  be  considered 
This  property  follows  directly  from  the  classical  theory  of  matched  filter  or  correlation 
detection. 
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Howtver,  different  nolee  eources  at  HF  have  different  statiatlcal  properties,  and  therefore 
wiU  affect  systcas  differently.  For  exasple,  galactic  noise  mv  be  assuaed  to  be  white 
Gaussian,  whereas  atxospheric  noiee  is  essentially  iapulstve,  and  Gaussian  only  at  lower 
aaplltude  levels  (17).  Kan-aade  noise  is  also  often  iapulsive  (18).  Coaaunlcatlon  systems 
are  usually  designed  to  be  near  optiausi  in  white  Gaussian  noise,  and  their  perforaanco  in 
impulsive  noise  will  depend  on  the  particular  signal  processing  used  at  the  receiver.  For 
oxaaple,  a  chirp  system  may  be  expected  to  be  effective  in  iapulsive  noise,  as  the  aatch^ 
filter  will  give  phase  dispersion  to  such  input  signals,  dispersing  the  ispulses  over  longer 
tiae  Intervals  and  thus  reducing  their  peak  values. 


2.3  Interference  froa  other  KF  users 

The  HF  spectrua  foraally  extends  froa  3>30  MHx,  and  can  ideally  accoaaodate  only  about 
10, COO  separate  voice  channels.  However,  at  any  one  tiae,  propagation  conditions  do  not 
perait  this  entire  range  of  frequencies  to  be  available  for  skywave  ccanunicatlon. 

Also,  at  night,  the  available  skywave  spectiua  typically  reduces  relative  to  daytlae,  due 
to  the  fall  in  MUF,  with  increased  occupancy  at  the  lower  frequencies.  This  is  shown  in 
the  KF  spectra  of  figure  10,  which  shows  typical  day  and  night  winter  spectra.  At  night, 
signal  levels  are  higher  due  to  the  diainished  D  layer  of  the  ionosphere,  which  is  an 
absorption  layer  only. 

Interference  froa  other  HP  users  can  be  a  aajor  cause  of  unreliable  HF  ccoaunlcatlon.  As 
exa&ples,  Pierce  has  noted  noted  the  effect  of  Interference  on  data  links  operating  over 
a  640  ka  path,  and  over  a  trans>Atlantlc  path  (18).  Also,  a  conclusive  appreciation  of  the 
effects  of  interference  was  obtained  froa  the  extensive  'ccenon  user  radlo-transaission 
sounding'  (CURTS)  experleents  on  automatic  frequency  management,  where  the  outages  due  to 
interference  exceeded  those  duo  to  propagation  by  a  factor  of  five  and  accounted  for  as  much 
as  2S%  of  messages  lost  (20). 

The  ability  to  detect  a  data  signal  in  Interference  depends  on  the  ratio  of  the  signal  power 
to  the  Interfering  power,  and  on  the  similarity  between  the  signal  and  the  interference. 
A  data  signal  of  bandwidth  F  and  duration  T  has  2FT  Independent  values,  and  hence  the 
dimensionality  of  the  signal  (and  the  freedom  to  make  it  different  froa  other  signals)  Is 
Increased  by  increasing  the  bandwidth.  This  implies  that  wideband  signals  are  loss  likely 
to  be  similar  to  noise  and  interference.  However,  wider  bandwldths  accept  more  interfering 
power,  and  in  the  absence  of  interference  rejection  filters  at  the  receiver,  the  possible 
advantage  of  wideband  systems  at  HP  is  unclear.  The  processing  gain  of  the  wideband  signal 
may  be  insufficient  to  counter  the  total  interference  power. 

Much  effort  has  been  given  to  the  characterisation  of  tine  varying  effects  of  the 
ionosphere,  and  also  of  noise,  but  less  attention  been  given  to  the  characterisation  of 
spectral  occupancy,  although  its  laportance  is  recognised  (21,22).  A  long  term  progranae 
is  being  undertaken  in  the  U.K.  to  aeasure  and  analyse  spectral  occupancy  across  the  entire 
HF  spectrum  ^23,24),  and  this  experiment  and  a  resulting  mathematical  i^el  for  occupancy 
will  be  described  briefly  in  the  next  section. 


2.3.1  Occupancy  measuremencs 

The  aim  of  tho  occupancy  aeasurement  programme  is  to  provide  data  which  may  be  used  in 
conjurction  with  frequency  predictions,  to  advise  HF  operators  on  the  typical  occupancy  they 
may  encounter,  and  now  this  may  vary  with  threshold  level,  frequency,  time,  bandwidth,  type 
of  user  allocation,  and  geographical  location.  Such  Infontatlon  nay  also  be  useful  to 
communication  system  designers,  %o  KP/VKP  ground  wave  users  (who  nay  then  choose  operating 
freq;uencics  to  avoid  severe  interference  from  sky-wave  users),  and  also  to  study  groups  who 
are  concerned  with  the  determination  of  international  frequency  assignments. 

Occupancy  ncusurenents  are  made  twice  yearly  across  the  whole  HF  spectrum,  apprcxinately 
at  the  times  of  the  winter  and  suzuaer  solstices,  when  the  diurnal  variation  in  the  HUF  is 
naximum  and  ninirun,  respectively,  such  measurements  have  been  made  since  1982,  and  cover 
a  wide  range  of  sunspot  numbers.  The  experimental  site  is  a  rural  site  in  central  England, 
and  the  antenna  is  an  active,  wideband,  vertical  monopole. 

In  the  determination  of  occupancy  for  the  different  HF  users,  a  communication  receiver, 
operated  without  AGO,  and  having  a  bandwidth  of  1  kHz,  rs  stepped  in  1  kHz  increments 
through  each  ITU  user  defined  allocation,  spending  one  second  at  each  increment 

Each  i  kHz  channel  is  defined  as  occupied  at  a  particular  threshold  level  if  the  average 
signal  value  exceeds  the  threshold  in  the  one  second  observation  period.  The  percentage 
of  such  channels  occupied  across  each  user  allocation  then  defines  the  'conges'-ion'  for  that 
allocation. 

The  communication  receiver  is  used  in  preference  to  a  spectrum  anaiyeer,  because  the 
receiver  filters  are  more  selective,  and  a  filter  bandwidth  of  1  kHz  was  chosen  because  it 
has  been  shown  that  congestion  measureRents  are  epproximately  independent  for  frequency 
separations  greater  than  1  kHz  (22).  The  observation  period  is  o.ie  second,  to  accommodate 
signal  variations  duo  to  modulation  and  fading. 

This  measurement  of  congestion  across  the  whole  KF  spectrum  takes  several  hours,  and 
therefore  only  results  corresponding  to  the  stable  ionospheric  conditions  that  occur  at 
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abou!; ‘Ktdday  and'atdnlght  are  taken.  Xt  had  been  verified  previously  that  useful 
correlation  of  such  congestion  aeasureaents  exists  for  results  separated  by  several  days^ 
as  long  as  the  cosparison  is  aade  for .equivalent  times  of  day  or  night. 

fable  i-'lists  the  XTV  frequency^alloeations  (slightly  simplified*  ard  gives  experimental 
values  of  congestion  for  the  suamer  solstice  of. 1962.  Results  are  given  for  five  threshold 
levels  (a3  measured  at  the  antenna  terminals  of  the  receiver),  where  "107  dBm  Is  equivalent 
to  a  received  field  strength  of  2pV/a.  For  the  night  lesults,  it  is  apparent  that  the 
lowest  threshold  (-ll?  dBm)  intercepted  the  noise  level  at  the  lover  part  of  the  HP 
spectrum. 

Congestion  will  be  strongly  dependent  on  the  bandwidth  of  the  measurement  filter,  and 
examples  of  this  dependence  have  also  been  published  (23). 

The  geographical  area  ovei.  which  congestion  measurements  will  be  valid  is  not  clear. 
Simultaneous  measurements  across  the  entire  HP  spectrum  have  been  made  at  two  sites  in  the 
U.X.,  separated  by  120  km,  with  virtually  identical  values  of  congestion  being  achieved 
(23).  Also,  voice  channel  experiments  have  indicated  that  correlation  of  occupancy  say 
extend  to  500  )uk,  and  theoretical  modeling  has  supported  this  (26). 


2.3.2  A  mathematical  model  for  occupancy 

An  effort  has  been  made  to  fit  a  math«4atlcal  model  to  the  experimental  occupancy  data  of 
the  type  presented  in  Table  1  (27).  The  measured  values  of  congestion  are  values  of 
probability,  and  must  lie  in  the  range  0  to  1.  To  ensure  that  the  model  gives  values  within 
this  range,  the  following  *  logit  model*,  suggested  by  Dr  P  J  Laycock  of  UMIST,  has  been 
used. 

Congestion  in  ITU  band  k  is  given  by  0^  •  e»*  where  0<0,<1 


The  index  y.  Is  a  function  of  the  parameters  on  which  occupancy  may  be  expected  to  depend, 
such  as  time,  frequency,  bandwidth,  threshold  level,  sunspot  number,  and  geographical 
location.  Extensive  numerical  analysis  has  resulted  in  the  use  of  the  following  function. 

y^  ■  A^  ♦  B  X  ;th^«shold(dBs)i  ♦  (C^  ♦  Cj.fj  ♦  Cj.ffc*  )  x  sunspot  number  (1) 

A.  has  $S  values,  corresponding  to  the  95  ITU  allocations,  D  is  a  single  coefficient  to  be 
multiplied  by  the  threshold  modulus,  C^fC^fC^  are  coefficients  in  a  quadratic  expression  for 
frequency,  to  be  multiplied  by  the  sunspot  number,  and  f^  in  the  centre  frequency  (hhs)  of 
each  ITU  allocation.  There  1$  no  useful  data  for  geographical  location  at  present,  except 
that  the  results  apply  to  an  area  of  at  least  100  km  radius.  Also,  bandwidth  has  not  yet 
boon  Included  in  the  model,  but  is  presently  being  considered,  hence  the  present  model 
applies  for  a  bandwidth  of  1  kHz  only. 

The  congestion  results  to  be  fitted  wore  divided  into  4  sets,  corresponding  to  summer  day, 
summer  night,  winter  day,  and  winter  night,  such  that  4  models  were  to  be  determined.  Cood 
fits  have  been  achieved,  but  the  fit  for  the  lowest  threshold  >117  dBm  is  less  accurate  than 
for  the  higher  thresholds,  *107  dBm  to  dBm.  This  say  be  due  to  the  atmospheric  noise 
occasionally  rising  above  this  threshold,  and  also  because  the  adjacent  1  kHz  observations 
may  not  be  statistically  independent. 

Table  2  gives  model  coefficient  values,  for  'iuaaaor  day  congestion  results,  for  1982>l966. 
This  model  applies  for  the  entire  KF  spectrum,  and  for  threshold  levels  in  the  range  >107 
dBm  to  >77  dBm.  As  a  measure  of  the  accurac'/  of  tho  fit  for  this  particular  model,  of  the 
measured  values  of  congestion,  564  ara  given  by  the  model  to  an  accuracy  for  Q,  of  «0.01, 
91%  to  an  accuracy  of  >0.05,  and  98%  to  an  accuracy  of  >0.1.  ~ 

An  operator  at  KF  is  likely  to  have  little  interest  in  the  occupancy  of  tho  spectrum  outside 
his  particular  type  of  user  allocation.  Hence,  models  have  been  determined  for  specific 
types  of  user,  and  have  a  slightly  improved  fit  to  the  mecitured  values  corresponding  to 
those  particular  allocations.  For  example,  th'.  fixed  user  has  48  allocations  in  which 
operation  is  permitted  on  a  primary  or  sec^dary  basis.  A  model  of  the  type  defined  in 
equation  1  would  thus  have  48  frequency  allocation  terms,  plus  threshold  and  sunspot 
coefficients. 

During  1989,  a  dedicated  system  for  the  measurement  of  HF  spectral  occupancy  was  Installed 
at  tho  Department  of  Trade  and  industry  Monitoring  Station  a*:  Baldock,  U.X.  A  similar 
installation  has  been  made  at  Linkdping  in  Sweden.  The  mathematical  m^els  continue  to  be 
developed,  and  will  be  fitted  to  the  data  from  both  sitec. 


2.3.3  Interference  parameters 

The  previous  congestion  values  were  measured  with  a  bandwidth  of  1  kHz,  and  averaged  over 
ITU  frequency  allocations  There  is  also  a  need  for  finer  resolution  measurements,  to  give 
an  insight  into  the  detail  of  the  Interference  spectra  in  which  KF  systems  have  to  operate. 

An  example  of  a  SO  kHz  wide  night  spectrum,  measured  with  a  resolution  of  100  Hz,  is  shown 
in  figure  11.  The  statistical  properties  of  many  such  spectra  have  been  studied,  and 
parameters  defined  which  provide  a  basis  for  detemlning  the  performance  of  digital 
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coMKjnlcatiOR  syst«M  In  tb*  pr«s6nc*  of- lnt«rf«r*ne*  (£2).  Congtstlon  vaIuos  have  been 
determined,  In  this  case  for  a  meaeuresent  bandwidth  cf  100  Hz,  and  a  single  threshold  of 
•125  dBm,  This  threshold  intercepted  almost  all  the  interfering  .signals,  and  yet  was 
significantly  above  the  noise  level. 

Examples  of  such  congestion  values,  taken  over  a  one  week  period  within  frequency 
allocations  for  'fixed'  users,  are  summarized  In  table  3.  A  high  value  of  congestion  is 
typically  QaO.S.  2t  is  evident- that -congestion  was  insistently  high  at  dusk  and  night  as 
indicated  by  the  low  value  of  standard  deviation  with  respect  to  the  mean.  Xt  was  less  at 
dawn,  and  at  frequencies  near  the  OHP  during  day,  and  least  at  daytime  at  frequencies  'well 
below  the  OWf,  where  the'-non'OVP  frequency  indicated  is  halfway  between  the  Owr  and  the 
LUKF,  for.lOOO  km  range.  This  latter  point  suggests  that  It  may  be  better  to  operate  below 
the  OKP  during  the  day,  and  accept  some  loss  in  propagation  quality  in  exchange  for  less 
interf whence  from  other  users. 


2.3.4  Relevance  to  data  transmission 

The  parameter  congestion,  Q,  may  be  used  to  determine  the  probability  of  HP  signals  avoiding 
interference,  assuming  that  such  signals  may  be  placed  anywhere  within  each  SO  kHz  spectrum 
examined.  Since. the  spectral  measurements  were  made  with  a  resolution  bandwidth  of  100  Hz, 
the  analysis- is  directly  applicable  to  narrowband  data  signals  (keyed  at  SO  •  100  bauds) 
which  use  such  banduidths. 

For  example,  the  probability  of  finding  a  100  Hz  bandwidth  for  slow  rate  differential  phase 
shift  keying  (DPSK)-,  where  the  interference  is  less  than  >125  dBm,  is  simply  equal  to  1-Q. 
This  Is  defined  as  the  availability  of  the  signal.  Similarly,  for  p£K,  where  the  frequency 
shift  exceeds  i  kHz,  which  la  sufficient  frequency  separation  for  the  tones  to  be  affected 
independently  by  interference,  the  availability  is  for  PEX  with  a  frequency  shift 
much  less  than  1  kHz,  the  tones  will  not  be  affected  independently  by  interference,  and  the 
availability  is  approximately  1>Q,  as  for  DPSX. 


3  -EXPERIMENTAL  HP  HXDSBANO  SYSTEMS 

Examples  of  two  digital  c<»munieatlon  systems  are  given,  one  a  frequency  hopping  (PH)  modem, 
and  the  other  a  chirp  modem.  Both  operate  at  low  data  rates,  and  were  designed  to  give 
reliable  operation  in  the  presence  of  frequency  selective  'tding,  noise,  and  severe 
Interference  from  other  HP  users,  without  the  use  of  a  control  link  from  the  receiver  to 
the  transmitter.  Also,  HP  wideband  radar  techniques  are  discussed. 


3.1  An  adaptive  frequency  hopping  modem 

As  an  Introduction  to  the  design  of  an  HP  wideband  frequency  hopping  modem,  the  application 
of  the  parameter  congestion,  Q,  ha*(  been  extended  to  the  availability  of  robust  signal 
formats  with  a  high  level  of  frequency  diversity.  For  example,  the  signal  format  of  figure 
12  contains  M  FEK  signals,  representing  M  signals  In  frequency  diversity.  The  frequency 
separation  between  the  diversity  components  is  1  kHz,  and  the  frequency  shift  for  each 
component  is  small.  The  probability  that,  at  least  two  diversity  components  will  be  received 
free  of  Interference  is  given  by 

P(2,M)  •  I  -  -  Md-OX)”** 

The  significance  cf  at  least  two  diversity  components  being  interference  free  is  that 
frequency  diversity  is  preserved,  and  protection  achieved  against  frequenc  selective 
fading,  after  the  interfered  tones  are  rejected.  Por  H  •  6  and  Q  ■  O.S,  P(2,6)  ■  0.9, 
inferring  a  90%  availability  in  severe  congestion. 

Thus  a  signal  format  which  may  be  expected  to  operate  well  in  interference  could  cooptisa 
6  nsrrow'shift  PEX  pairs,  with  1  kHz  separation  between  adjacent  pairs.  Harrow^shlft 
noncoherent  FEK  is  preferred  to  DPSK  because  It  is  easier  to  implement,  and  more  robust  in 
operation. 

To  obviate  the  problem  of  total  signal  loss  in  severe  and  unfortunately  structured 
interference,  the  6  tone  pairs  may  be  hopped  in  frequency.  The  signal  format  will  then 
encounter  the  average  congestion  value  across  the  hopping  iMndwidth.  If  the  tone  pairs  are 
hopped  as  a  single  group,  then  a  6  kHz  hop  in  carrier  frequency  would  ensure  uncorrelated 
interference  conditions,  and  the  use  of  forward  error  correcting  codes  would  protect  data 
on  hops  where  5  or  S  tone  pairs  nay  be  lost. 

It  is  important  that  severe  interference  is  nut  permitted  to  enter  the  decision  circuit  of 
the  detector.  This  may  be  achieved  by  the  use  of  a  second  receiver  which  'looks  ahead', 
examining  the  intorferenco  spectrum  on  each  hop,  immediately  prior  to  transmission  occuring 
on  that  hop.  If  severe  interference  ie  found  to  coincide  with  the  frequencies  of  any  of 
the  diversity  components,  then  those  cosponente  are  rejected  and  the  data  decision  is  based 
only  on  the  remaining  c<»ponents,  when  data  is  subsequently  received  on  that  hop. 


3.1.1  Theoretical  diversity  performance 

The  theoretical  performance  of  a  square-law  combiner  has  been  derived  for  binary  noncoherent 


reK-ln  slow  luyleiah  fadlno  and  white  Causcian  nolee,  the  probabillty’Of  eiror  beln^  given 
{2th 


PnfM>  • 

where  M  Is  nunber  of  diversity  branches,  and  x-le  Icmg-tent'average  nor&aiised  signal*to* 
noise  ratio  per  diversity  branch. 

The  analysis  say  be  extended  to ^the  sixth  order  diversity  excision  detector.  This  includes 
the  effect  of  interference, -and  gives  the  probability  of  error  after  excision  as  (29) 

Pe(6)  «  0.5Q*  ♦  6(1*0)  0*  Pn(l)  ♦  15(1-0)*  0*  Pn(2) 

♦  20(1-0)*  0*  Pn(3)  ♦  15(1-0)*  0*  1*0(4) 

♦  6(1-0)*  0  Pn(5>  ♦  (l-Q)*  Pn(6) 

This  is  plotted  for  various  values  of  congestion  in  figure  11,  and  represents  an  analytical 
solution  for  error  rate  in  the  presence  of  noise,  selective  fading,  and  Interference.  While 
it  Bay  be  necessary  to  operate  with  6  channels  for  0  ■  0.5,  lower  redundancy  is  acceptable 
at  lower  congestion.  For  Q  ■  0.1,  for  exasple,  dual  diversity  is  sufficient,  and  hence, 
still  using  6  F2K  Channels,  the  data  rate  may  be  Increased  by  a  factor  of  3.  It  is  thus 
possible  to  operate  with  a  data  rate  chosen  relative  to  the  severlty'of  Interference,  where 
the  average  value  of  congestion  across  the  hopping  bandwidth  is  predictabls. 

3.1.2  FH  Boden  link  testa 

A  frequency  hopping  nodea  with  6  FZK  channels  has  been  tested  at  low  power  on  an  SOO  sky- 
wave  HP  link,  when  it  was  coapared  with  a  standard  narrowband  FEX  sytten  (75  bauds  ksylng 
rate,  single  tone  pair,  850  Hr  frequency  shift)  (30).  Messages  of  about  2000  bits  were 
eransaltted  alternately  via  the  standard  PEK  modes,  and  via  the  frequency  hopper.  The 
hopper  used  30  hops,  each  representing  a  6  kHz  Incresent  In  carrier  frequency,  and  of 
duration  Is.  The  sixth-order  diversity  format  was  thus  incremented  uniformly  once  only 
across  a  total  bandwidth  of  180  kHz  during  the  message  transmission.  This  is  a  simple 
hopping  pattern,  but  the  hopping  parameters  are  essentially  arbitrary. 

Figure  14  shows  a  night  spectrum  during  the  link  tests.  Ths  FH  signal  is  indicated  (with 
an  interfering  carrier  within  its  own  bandwidth).  This  defines  the  first  hop  position,  and 
the  remainder  of  the  spectrum  shown  is  the  hopping  bandwidth.  It  can  be  seen  that  the  FH 
signal  level  is  about  40  d8  below  the  Interference  peaks,  but  useful  operation  could  be 
achieved  under  such  severe  conditions. 

The  hopper  has  a  different  type  of  perfonaance  to  that  of  ths  standard  FSK  signal.  In 
particular,  the  standard  FSK  signal  tends  to  have  good  performance  in  the  absence  of 
significant  interference,  and  very  poor  performance  in  the  presence  of  severe  Interference. 
The  hopper,  on  the  other  hand,  always  encounters  interference  within  its  hopping  bandwidth, 
so  that  even  Under  low  congestion  conditions,  it  generally  has  a  finite  error  rate.  Under 
high  congestion  conditions,  the  hopper  cannot  encounter  severe  Interference  for  the  whole 
message  and  tends  to  have  an  Increased,  but  still  low,  error  rate.  This  type  of  performance 
is  illustrated  in  the  example  of  results  shown  in  figure  15.  This  plots  the  error  count 
for  each  2000  bit  message  against  number  of  messages  for  both  the  standard  FEX  system  end 
for  the  hopper,  over  a  specimen  two  hour  period.  The  FEX  messages  and  hopping  messages  were 
alternated  in  time,  and  were  transmlttea  at  an  equal  average  power. 

Forward  error  correcting  codes  are  particularly  effective  on  the  hopping  format.  This  is 
because  the  error  rate  is  not  typically  very  high,  and  also  because  ths  duration  of  a 
typical  error  burst  is  known,  being  vqual  to  the  hopping  period.  Excellent  improvement  has 
been  achieved  using  the  goUy(23,i2,3)  code,  in  which  each  codeword  is  23  bits  long, 
contains  12  information  bits,  and  can  correct  3  errors,  in  the  application  of  this  code, 
interleaving  was  used  so  that  not  mors  than  1  bit  from  each  codeword  appeared  on  each  hop, 
to  give  maximum  protection  (30). 

Thus  signal  design  for  ths  adaptive  FH  modem  has  been  derived  by  using  elementary  parameters 
Of  KF  interference.  Ths  link  test  has  confirmed  that  the  adaptive  hopper  offers  a  method 
of  achieving  useful  coaiwnication  under  extremely  severe  interference  conditions,  without 
the  uso  of  a  control  link.  The  frequency  diversity  also  offers  good  performance  in  fading 


3.2  An  adaptive  chirp  modem 

A  further  modem  uses  the  differential  phase  shift  keying  (DFSK)  of  swept  frequency  chirp 
signals  across  a  bandwidth  of  2.7  kHz,  with  a  keying  rats  of  75  bauds  (31).  in  absolute 
terms  this  is  not  a  wideband  signal,  but  the  bandwidth  is  large  when  related  to  ths  data 
rats, .and  the  system  principles  are  relevant  to  systems  of  much  wider  bandwidths. 

The  OFSK  format  and  detector  are  shown  in  figure  16  The  detector  includes  an  adaptive 
filter  which  can  selectively  reject  parts  of  the  signal  spectrum.  This  Is  followed  by  a 
conventional  matched  filter  for  the  chirp  signal,  which  ih  turn  la  followed  by  the 
differential  phase  measurement. 
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Th«  d«ttctor,«lto  lnelud«t  an  intarfarcne*  aat*stor«  which  saaturea  Intarfaranca-levalsrin 
•aeh'  ot  16^  conti9’joua  aub-ehann«l«('  apraad  uniforaly  -acrof*  tba  swtpt  bandwidth. 
8ub*channals' containing  aavara  intarfaranco  ar*  than  caittad  frcta  tha  adaptiva  filter 
ratponaa,  thua'suppxaaaing  tha  intarfaranca  and  tha  corraaponding  parts  of  tha  chirp  signal 
spaettus.  Howavar,  in  savara  lntarfaranca<  tha  slgnai«to-intarfaranca  ratio  will  ba 
anhancad,  and  thus  tha  rajactlon  will  raduca  tha  arror  rata  whan  tha  povar^spactral^density 
of  savara  intarfaranca  within  tha  swape  bandwidth  is  significantly  non^unifora. 

In  tha  initial  iaplaaantation  of  tha  chirp  datactor  of  figura  16$  tha  Intarfaranca 
assassttant  was  achiavad  prior  to  chirp  signal  transmission,  and  ths  ralaetlon  configuration 
raaalnad  unchangad  during  tha  2000  bits  of  aach  chirp  aassaga.  Tha  system  used  finite 
ii^>ulsa  response  transversal  filters  to  achieve  rajaction  and  matched  filter  operations. 
An  axampla  of  an  axparimantal  rajaction  rasponaa  is  shown  in  figure  17,  together  with  tha 
corresponding  eempratsad  pulse  waveform.  Tha  filter  without  rajaction,  and  corresponding 
coaprassad  pulse,  are  also  included  for  comparison.  Tha  affect  of  the  notches  is  to 
disperse  tha  energy  of  tha  coaprassad  pulse.  However,  thla  dispersion  is  generally  not 
savara,  and  is  typically  aecoamodatad  in  ths  Integration  window  at  the  multiplier  output 
of  tha  differential  phase  detector  of  figure  16;  intarsymbol  Intarfaranca  is  thus  avoided. 
Also,  tha  time  resolution  of  tha  system  enables  multlpiath  components  to  be  resolved,  and 
summ^  on  a  power  basis  by  the  Integrator,  before  tha  data  decisions  are  taken. 


3.2.1  Chirp  modem  link  tests 

Ths  syatam  has  bean  tasted  over  a  170  kn  sky-*vave  HT  link.  In  which  chirp  messages  of  2000 
bits  vara  alternated  with  TtK  massages.  Tha  rac  datactor  incorporate  no  Intarfaranca 
rejection,  and  tha  received  chirp  signals  ware  detected  both  with  and  without  rejection. 

Without  rajaction,  tha  overall  chirp -parformanco  was  worse  than  that  of  rzK.  This  is 
because  tha  processing  gain  of  the  chirp  signal  was  too  small  to  give  useful  rejection  of 
typical  Interfering  signals  falling  within  Its  bandwidth,  with  rejection,  ths  overall 
performance  of  the  chirp  system  was  batter  than  that  of  FEK.  The  field  trial  results  art 
given  as  accumulative  arror  curves,  an  axampla  of  which  it  given  in  figure  IB.  This  shows 
the  total  number  of  errors  against  number  of  messages  racsived  for  a  2  hour  test  period. 
The  system  having  the  bast  performance  is  that  whicn  possesses  tha  longatt,  and  lowest, 
curve.  Only  massages  fer  which  frame  synchronlaation  was  obtained  from  the  received  signal, 
are  taken  Into  account  in  figure  Id,  and  tha  curve  corresponding  to  the  chirp  system  without 
interference  rejection  is  snortsr  than  the  curve  which  includes  rejection,  by  the  number 
of  messages  for  which  synchronisation  was  lost.  The  transmlttsr  power  was  almost  always 
less  than  1  w,  and  occasionally  as  low  as  20  mw. 

In  addition,  the  adaptive  filter  response  is  indicated  for  aach  massage,  by  a  chart  below 
tha  arror  curves,  and  which  ft.lows  tha  same  time  scale  as  ths  srror  eurvss.  Ths 
intarfaranca  occupancy  pattern  is  often  remarkably  stable  with  time,  with  virtually 
identical  rejection  patterns  being  dete»lned  for  periods  up  to  2  hours.  However,  this 
Is  not  always  tha  cast,  and  tha  axaapla  of  figure  10  shows  more  variable  interference 
conditions,  when  mors  frequent  assessment  of  tb#  interference  and  more  frequent  updating 
of  the  adaptive  filter  would  be  advantageous. 

Important  improvaaants  which  have  bean  realised  are  tha  continuous  assassmant  of  tha  in>band 
Intarfaranca  during  chirp  signal  recaption  aM  tba  continuous  updating  of  tha  adaptiva 
rajaction  filter,  and  a  choice  of  data  rates  of  70,  100,  300  or  600  blts/sac.  Also,  tha 
complete  detector  of  figure  16  has  been  Implamantad  on  ths  Texas  lUSSiOCiS  digital  signal 
processing  chip. 


3.3  Hr  wideband  radar  techniques 

Hr  radar  systems  using  pulse  (32),  mcw  (33,34),  mxcu  (30)  and  pulse  compression  (36)  have 
bean  axtantlvaly  reported  and  two  useful  surveys  are  avstlabls  (37,30).  All  tha  reported 
systems  uss  a  bandwidth  comparable  with  that  needed  to  achieve  the  desired  range  resolution, 
which  may  bo  regarded  as  tha  minimum  bandwidth  nacaaaary  to  achieve  a  required  performance 
The  use  of  a  wider  bandwidth  than  this  may  be  considered  as  definition  of  spread  spectrum 
The  USSR  'woodpecker'  Hr  radar  appears  from  listener's  reports  to  use  a  form  of  coded  pulse 
trarsnisslon,  but  this  also  is  probably  used  to  achieve  the  wanted  range  resolution  combined 
with  high  pulse  energy,  as  with  the  very  high  power  level,  concealment  is  not  practicable. 


The  use  of  spread  spectrum  techniques  in  Hr  radar  Is  sevarsly  corstrained  by  the  requirement 
to  achieve  a  high  degree  of  sub*clutter  visibility  in  order  to  sec  aircraft  or  ship  targets 
which  are  lO's  of  ds  below  the  clutter  power  frcca  land  and  sea, 

Tha  two  available  technlquv;^  for  detecting  small  targets  in  the  presence  of  clutter  depend 
respectively  oni 

1  Achieving  high  Doppler  resolution  by  long  dwell  time#,  thus  separating  clutter  and  target 
by  using  the  difference  In  their  velocities,  or 

2  Reducing  the  sire  of  the  radar  resolution  cell  by  narrow  antenna  beams  and/or  high  range 
resolution,  thus  reducing  the  clutter  amplitude. 
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Unfortunately,  the.flret  tachniqu*  ^requires  a  coherent  dwell  on  a  single  frequency, of 
seconds  for  aircraft  detection,  or  tens  of  seconds  for  ship  detection,  which  greatly  limits 
the. hopping  speed  of  conventional-frequency  agile  strategies  which  do  not'seeh  to  preserve 
phasd’coherence  between  hops'.  This  constrains  the  ability  to  evade  a-jamer. 

The'second  technique,  reducing  the  resolution  cell-size,  looks  initially  more  attractive, 
since  it  implies  spread  apectnua  and  achieves  increase  range  accuracy  of  the  radar  in 
target  location.  An  H?,  radar  t^ically  operates  with  a  bandwidth  of  5-20  khz,  as  governed 
by  frequency  allocations  and  spectral  congestion;  this  implies  a  range  resolution  of- 30* 
7.5  )ca,  large  by  microwave  radar  stan^rds.  the  difficulties  with  Adopting  a  wide  bandwidth 
are: 

1  To  achieve  cempression,  the  coherent  bandwidth  of  the  channel  must  embrace  the  full 
spread  bandwidth  {and  we  ^ve  seen  In  section  2.1.4  that  Faraday  rotation  sets  a-lrmit  to 
this). 

2  In  the  congested  spectral  environment  of  the  HF  band,  the  transmission  is  likely  to  cause 
interference  to  other  users. 

3  Consequent  on  the  congestio.'),  an  adequate  signal  may  not  be  recovered  after  compression. 

Sasler  and  Scott  (36)  reported  successful  compression  with  a  bandwidth  of  iOO  kHz,  giving 
a  range  resolution  of  iO  ps,  which  agrees  with  the  order  of  bandwidth  found  experinentally 
in  section  2.1.4. 

There  is  probably  scope  for  further  development  here,  but  the  limitations  set  by  Faraday 
rotation  must  be  borne  in  mind.  In  this  connection  it  is  interesting  to  speculate  whether 
the  equalization  techniques  reported  by  Perry  (Section  2.1.5)  have  any  application  to  radar, 
equalization  over  the  area  of  a  resolution  cell  in  which  the  path  lengths  vary  by  many 
wavelengths,  will,  however,  be  more  difficult  than  equalization  over  a  point-to-point  link. 

We  also  reflect  that  the  requirement  in  an  HF  radar  frequency  hopper,  mentioned  above,  of 
a  minimum  coherent  dwell  time  per  hop  (governed  by  the  required  Doppler  resolution),  may 
not  be  fundamental.  Xf  the  transmitter  generates,  and  the  receiver  is  matched  to  a  coherent 
frequency  agile  pattern,  there  Is  no  fundamental  difference  from  a  repetitive  chirp 
technique  with  the  same  total  dwell.  Frequency  hopping  receivers  normally  treat  the 
received  signal  on  different  frequencies  independently,  but  they  could  be  processed 
coherently.  If  the  coherent  bandwidth  of  the  medium  permits  this. 

It  is  of  Interest  to  mention,  in  conclusion,  one  technology  which,  in  effect,  uses  a  wider 
bandwidth  than  that  necessary  to  achieve  the  final  range  resolution;  it  may  therefore  be 
regarded  as  a  spread  spectrum  system,  though  not  devised  for  the  normal  application  of 
spread  spectrum  (concealment  and/or  anti*)amming).  Some  sea-state  sensing  radars  (33) 
utilise  a  large  TtiOf  swept  bandwidth,  yielding  a  small  range-resolution  cell.  Doppler  power 
spectra  are  derived  for  each  of  a  group  of  cells,  and  these  spectra  are  then  averaged 
together  to  yield  a  single  spectrum  with'  a  reduced  variance,  permitting  sea-state 
measurements  (39)  of  Improved  accuracy.  The  averaged  Doppler  spectrxui  characterises  a 
larger  range  resolution  cell  than  the  original,  so  that  the  radar  is  using  a  wider  bandwidth 
than  that  corresponding  to  its  final  resolution. 
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Ex&BpUs  of  dtUy/OoppUr  scattoring  functions. 

(a  and  b)  700  kn  potnt-to'potnt,  (.6  KHt,  night^tino. 
Doppltr  and  tlsa  scales  with  rofersnes  to  arbitrary  zeros. 


Oulst  lonosphore,  1  bop  F2  and  2  hop  r2. 

Disturbed  ionosphere,  t  hop  P2  and  1  hop  P2  ♦  1  hop  E  <N). 

KF  radar,  6.3  khz,  aziauth  100*  froa  U.R.,  0300  UT. 

1  hop  B  at  600-1200  )ua  range,  1  hop  P  at  2000-2600  ha,  and  2  hop  F 
at  3600-4200  ka  (Doppler  shifted  -1  He).  Meteor  echoes  at  300-600  ka. 
Note  that  ISO  ka  of  range  is  equivalent  to  1  as  delay. 


FigurA  3  toplitudo  v«rsu8  2r«qu«ncy  r*8ponso  for  &  2>path  channel,  indicating  Bovement 
of  response  along  the  frequency  axis  due  to  selective  fading. 

(Equal  anpUtude  signals  are  assuaed  here). 


Figure  4  winter  daytlBe  oblique  ionograa  taken  over  the  path  St.  Kilda  to  Townsville 
(Australia). 

Alto  shown  is  the  synthetic  ionograa  derived  by  ray  tracing  the  aid  point 
profile  (after  George,  dAPT,  32,  1970,  p  910). 


SMHz 
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Flgur*  $  R«c«iv«d  'lono^rABs* showing  amplltud*  versus  deUy  for  12$  XHz  segaents,  the 
segments  being  obtelned  frcis  a  single  continuous  sweep  (reference  12). 


S  6  7  KMMZ) 


Aaplitudo  versus  frequency  response  for  a  23<  ha  s)(y>wAve  llnX. 

Single  hop  F2  propagation  is  selected.  The  dominant  selective  fading  is  duo 
to  polarization  interference,  and  the  gaps  correspond  to  broadcast  stations 
gated  out  in  processing.  Sweeps  aado  at  10  s  intervals  (reference  12). 


Figure  6 


Figur«  7  ZllustiAtin^  Far&day  rotation  (after  Croft  (37)). 


2  IVM  0«4y<m$)  3 


Figure  6  Derived  puite  distortion  which  would  bo  experienced  by  a  ips  pulse  versus 
frequency,  for  the  sweep  of  figure  5  (reference  12). 
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Fi<7UL«  9  Variation  of  oxtomal  nolso  power  with  frequeti.  v 
(after  Kaslin  <16)  after  CCIR). 
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Figure  10  EX'^9ple8  of  KF  spectra  (resolution  1  XHz) 


a  Winter  diay 

b  Winter  night 
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CoRCMtlon  In  ITU  b*ftd  k  U'clvcn  by  Q,  ■  e''*  where  0  <  0^  <  1 

♦  B  X  !threshold(dBm)}  ♦  (C^  •  C,.f,  ♦  x  sunspot  nuttb*r 
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•17.348957  x  10'* 
1.910600  X  1C‘* 
-0.052359  X  10'* 


is  the  centre  frequency  of  the  k  th  frequency 


sllocetion  (MIU) 


Table  2  Congestion  nodel  coefficients  for  suaaer  day  1982-86. 


Figure  11  Example  of  a  fine  resolution  HP  spectruja. 

(Resolution  100  Hz,  night^tine,  fixed  users,  OWp  for  1000  kn  range). 


Congestion  Q 


Diurnal  period 

x:ean 

std.dev, 

Dawn 

0.06 

0.02 

Mid-day  (OW.  ) 

0.2$ 

0.10 

Mid-day  (noi-OWP) 

0.09 

0.11 

Dusk 

0.43 

0.1$ 

Midnight 

0.46 

0.06 

Table  3  Measured  values  of  congestion  over  one  veek. 

(100  Hz  bandwidth,  •12$  dSaa  threshold,  fixed  user  allocations, 
OWP  for  1000  ka  range). 
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Figure  12  Idealised  spectrus  for  FE.K  signal  with  Hth'order  frequency  diversity. 

(The  aark  frequencies  are  shown  by  continuous  lines,  and  the  space  frequencies 
by  broken  lines) 
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Figure  13  theoretical  perfornanee  of  the  FH  eys tea  with  6th'onlar  frequency  diversity. 
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Figure  14  ni  signal  In  severe  Interference  during  an  800  Xa  KF  link  test. 


tteregrC  F(K 


fr*e^*ecy  hopper 


1 

,1 

too  ■ 

1 

i 

I 

'i 

i  wo- 

1  50  «C  I  io  w 

nrtir  «( .'r4U4;n  rwrni>K  of  mnuges 


Figure  IS  Error  counts  for  narrow-band  FEX  and  wideband  FK  aodeas,  aeasured  during  an 
800  Xa  KF  link  test. 

<kn  error  count  of  500  Indicates  that  the  aessage  synchronisation  was  lost). 
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Figure  X7  Exaspla  of  the  frequency  response  of  the  experirentel  interference  rejection 
filter,  with  corresponding  dispersion  of  the  coapressod  pulse. 


e  h’o  rejection 
b  30%  of  bandwidth  rejected. 
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Figure  18  SxABple  of  systems  coapartson  on  170  Sui  sky^wavs  HF  lln);. 

a  Chirp  (no  Intsxfarence  rejection), 

b  Chirp  (with  interference  rejection), 

c  FZK. 

The  netuorX  rejection  pattern  for  each  message  is  shown  below  the  graph, 
where  'e*  Indicates  sub-band  rejection,  and  indicates  sub-band  inclusion. 
In  this  comparison  the  rejection  pattern  was  set  at  the  beginning  of  each 
chirp  message,  and  remained  unchanged  for  the  message  duration  of  26.4  s. 

(m  and  s  indicate  the  FRK  mark  and  space  fre<{uenciee) 
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'  EFFErrS  DU  MIUEU  DE  PROPAGATION]  DANS  L£$  PROBLF^MES 
DE  SYNOIROMSATION  IT  D*ACQUISmON 
ETLES  SYSTEM  ESAACCES  MULTIPLES 
EFFECTS  OFTllE  MEDIUM  IN  SYNaiRONIZATlON 
ANDACQUISmONPROBLEMSANDMULTlPLEACCESSSYSreMS 
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resumf; 


Dans  cet  anicle,  les  prindpes  de  I’^talement  de  spectres,  ses  avantages  et  les  problimes  que  pose  sa  mise  en 
oeuvre  som  prdsent^s. 

L’influence  du  canal  est  examinee  :  distorsions  et  dicalage  friquenUel  apponis  par  une  fonction  de 
transfert  impaifrjte  noa  stationnalre  et  brouillage  apporti  par  les  interferences,  parfois  nombreuses,  dans  la 
bande. 

L’effet  de  ces  defauts  est  examine  dans  les  sysUmes  de  iransnussion,  d’accis  multiples  et  des  radars.  Une 
synthise  des  solutions  techniques  est  presentee. 

Dans  un  dernier  chapitre,  ('influence  des  brouilleurs  est  examinee  et  une  solution  oplimate  de  protection 
est  decrite. 


L’utiltsatioa  de  signaux  4  larges  spectres  a  de  nombreux  avanuges.  L’ua  des  prindpaux  est  116  k  la  reduction 
du  coOl  de  transfert  de  rinfonnation.  On  peut  mesurer  le  coflt  d'une  transmission  par  I’^ner^e  re^ue 
n^cessaire  pour  transmettre  une  quantity  d'informatloo  <gale  k  1  Sbannoa  Les  dtudes  classiques  montreni 
que  le  coflt  est  minimuni  lorsque  le  rapport  signal  k  bnilt  tend  vers  z^ro. 

La  capadti  d'un  canal  est  donnfe  par  la  borne  de  Shannon 
C  -  a  log,  <1  +  g) 

(1) 

Stabile  en  supposant  une  distribution  gaussienne  pour  les  signaux  et  pour  le  bruit  et  dans  laquelle 
C  est  le  d^bit  maximum  du  canal  en  Shannon/seconde 
B  la  bande  passante  en  Hertz 
S/N  le  rapport  signal  k  bruit 

Cette  relation  montre  que  la  solution  la  plus  efilcace  consiste  done  k  augmenter  la  bande  du  canal  pour 
peuvoir  obteoif  un  rapport  signal  k  bruit  su^samment  faible.  II  est  bien  connu  que  les  modulations 
analogiques  d’amplitude  sont  plus  coflteuses  que  les  modulations  de  phase  ou  de  frequence.  Pour  un 
rapport  signal  k  bniit  de  I'ordre  de  30dB  apris  demodulation,  les  premieres  coflient  plusieurs  ceoiaines  de 
fois  le  coflt  minimum  ■  Ln^  •  ofl  est  la  denslte  spectrale  de  puissance  du  bruit  k  Tentree  du 
receptcur  alors  que  ce  coflt  n’est  plus  que  de  I'ordre  de  15  D^q  dans  les  systimes  k  modulations  de 
frequence  et  meme  dans  les  systimes  4  seuil  ameiiore. 

On  constate  done  que  rcfficacite  des  systimes  augmente  avec  la  bande  occupee  par  le  signal  et  la 
modulation  analogiquc  de  frequence  peut  probablement  etre  comideree  comme  le  premier  systime  4 
spectre  etaie. 

Les  systimes  numeriques  constituent  un  prolongement  des  ^times  analogiques  vers  la  diminution  du 
rapport  signal  4  bruit  et  I'augmentation  de  la  bande  occupee.  Un  continuum  s'etablit  des  modulations 
analogiques  aux  modulations  binaires  par  riniermediaire  des  modulations  discretes  4  Q  etats  comme  les 
modulations  MAQ.  Ainsi,  pour  les  modulaiioos  PSK  biaaire«  le  coflt  de  transfert  de  I’information  est  reduit 

L’mterit  d’utiliscr  de  grandes  largeurs  de  bande  ne  reside  pas  uniquement  dans  le  coflt  de  transfert  de 
I'lnfuimation  mais  egalement  I'interet  est  grand  pour  lutter  centre  les  i’nperfections  des  canaux,  peur 
accrottre  la  precision  des  mesures  dans  les  sysiimes  radar  ou  en  radiolocalisation,  notamment  par  satellites, 
e:  pour  les  sysiemcs  4  accis  multiples. 
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Dansjoutes  ces  applications  Its  problimos  de  ^mcbronlsation  apparaissent,  sauf  dans  k  cas  des  radars 
monostatiques  oil  los  deux  stations  £mission*Rdception  sont  sur  le  mime  site.  L’accroUsement  des  largeurs 
de  bande  utilisles  poscnt  les  probllmes  de  la  rapiditd  de  calcut  des  sysilmes,  de  letir  complexitl  Ule  aux 
taux  de  compression  llevis  et  des  effea  particuliers  provoquls  par  les  canaux. 

Dans  cette  prisentation,  on  examine  en  premier  lieu  les  avantages  offerts  par  les  systimes  utUisant  de 
grandes  bandes  spectrales  puis  sont  abordls  tes  probllmes  introduits  par  les  effets  de  la  propagation  et  Its 
solutions  qui  doivcnt  lire  adoptles.  Un  cbapltre  est  riseivl  k  I’effet  des  brouillages  qui  contaminent  le 
signal  utile  et  dans  une  demilre  partie  les  contraintes  technolo^'ques  sont  exanunles. 


11.  ^VANTAGES  OFFERTS  PAR  LES  SYSTEMS  OTILISANT  DES  SIGNAIJX  A  SPECTRE  ETENDUS  ■ 

Bien  que  la  largeur  du  spectre  d'un  signal  ne  risutte  pas  toujours  de  la  technique  de  I'ltalement  de  spectre, 
nous  examinerons  les  probllmes  k  travers  ce  prindpe  qui  conslitue  la  version  la  plus  moderne  de  ces 
techniques. 

Le  concept  de  Tltalement  de  spectre  est  bien  connu.  II  est  rappell  sucdntement.  Les  notations  utilisles 
rcprisentent,  sauf  indication  contralrc,  des  signaux  analytiques. 

Une  source  d’lnformation  (figure  1)  commande  un  modulateur  qui  dllivre  un  signal  m^^^  reprlseniant  le 
message  k  transmettre  et  qui  est  muliiplil  par  un  signal  appell  code  d’ltalement.  Le  signal  Imis  est 
obtenu  par  la  relation 


«»)  “  »i.i  <1.1 


(2) 


Si  M^q  et  sont  respectivement  les  transformles  de  Fourier  des  signaux  et  alors 

•^(0  '  ’'’(f-fo)  •  %-fo) 
oil  *  dInote  le  produit  de  convolution 

ct  fp  - 

Si  occupe  une  largeur  de  bande  une  largeur  de  bande  alors  le  spectre  occupl  par 

s^i^  s'ltond  sur  une  largeur 


Le  sigiud  imis  occupe  unc  largetir  de  bande  plus  importante  que  le  signal  en  band«  de  base.  On  appelle 
rapport  d’^talement  !e  quotient  Bs/Bc  U  vane  de  quelques  dizaines  &  quelques  mllllers,  voire  quelques 
centalnes  de  nulllers. 

A  la  r^ption  (figure  2),  un  processus  de  recompresslon  de  la  bande  esi  utilise  le  signal  re^  cst 
rimage  du  signal  6mi$  qu'ii  une  double  translation  pr^  dans  le  temps  et  Tespace  (on  suppose  qu*un  seul 
trajet  existe) : 


s(t) 


(t  -  t)  « 


I  Cwfl  ♦  V  *  • 


ot  a  est  uo  facteur  d’afiaiblissement 
r  le  temps  de  propagation 
tradutt  Teffet  doppler 
6  traduit  le  temps  dc  phase. 

Le  r^cepteur  dolt  estimer  les  trots  derniers  paramitres  w^,  0,  le  prenuer  par  une  synchronisation 
temporelle,  le  second  par  une  synchronisation  de  frequence  et  le  dernier  par  une  synchronisation  en  phase. 

Ces  estimations  ^tant  supposies  parfaites,  on  obtient  au  point  B  du  schema  de  la  figure  2  le  signal 


s^j  -  s(t)  c*(t  -  t)  e  ’  •  *4*  *  *  *>  .  a  |c(t  -  t)|'  B(t  -  t> 


On  choisit  dans  la  pratique  iC(t)(  *  <■  1  et  le  signal  obtenu  i  la  sortie  est  donni  par 


.m(t~'c^a.)  da. 


h(t)  it 


oCl  h(t)  est  la  r^ponse  impulsionnelie  du  filtre  de  sortie  dont  la  fonction  de  transfeit  est  notde  H(0* 


Tout  ce  passe  done  cooune  si  le  signal  itait  transnus  en  bande  de  base,  car  aprh  multiplications  on 
relrouve  au  point  B  le  signal  om(t  •  r)  (figure  3).  Le  filtre  H(0  utilis6  pour  limiter  la  bande  i  Bm 
puisqu'au  point  M  le  bruit  s’^tend  sur  une  largeur  supirieure  k  Bs.  L’influence  des  peiturbations  dipend  de 
la  nature  de  I'interf^rence  qu’elle  introduit. 

Soit 


*\o  -  u 


j  «* « t 


uii  signal  perturbateur  d’enveloppe  complete  N(t)  et  So(0  la  den$lt6  de  puissance  spectrale  bilat^rale : 

<f‘  =  E  z  f  Sn(f)  df 

Les  opirateurs  xnulUplicatioo  itant  Uni^ures  vis-^-vis  du  d^iai  d’eotrfe,  le  signal  parasite  d£velopp£  par  le 
perturbateur  est  donn£  par 

Vn(t)=J  h (u.)  N(u)  ^*'^>C*(U-K)du. 

La  variance  de  v^(!)  s’en  dWuit : 

o'/ :  (f)*Sn  (F4)yf 

od  Sq)({)  est  ta  densit6  spectrale  de  puissance  du  code  d'^talement. 

Cette  relation  montre  que  e^Q  est  obtenu  par  le  filtrage  par  |H(0I'  du  produit  de  convoluiion  des 
spectres  density  de  puissance  du  perturbateur  et  do  code  d'italement, 

Le  code  dtale  le  spectre  du  signal  perturbateur  et  le  filtre  de  sortie  ne  transmet  done  qu'une  part  de  sa 
puissance  (figure  4). 

Enposani  g(o)  •  J  1H(0(*  Sq)(f'u)df 

ilvieni  <’^vn*  /  Sn(u  •  fj)  g(u)  du 

Pour  un  perturbateur  de  puissance  donnie  la  puissance  de  sortie  Cyf^^  est  maximale  si  Sn(u'fd)  est  i 
spectre  dtroit  et  centra  sur  le  maximum  de  g(u).  Pour  obtenir  une  protection  uniforme  il  faui  dviter  d’avoir 
un  maximum  marqu6  de  g(u)  ce  qui  conduit,  compte  tenu  du  fait  que  Bm  <  <  Be,  4  prendre  des  codes  dont 
le  spectre  est  rectangulaire.  Si  Ton  se  trouve  dans  ces  conditions 
Sep  #  1/Bs 


6^ 


Si  on  chohil  un  Cltre  id6al  rectangulaire  de  gain  unitairo  dans  la  bande  Bm.  alors : 


9(»)  -  H 


“  aS)f  /  Sn(u.-Fi)du.  =Bmcrn  (3) 

j8a  J  ^  Bs 

Pour  un  pertuibateur  i  bando  dtroite.  reffet  de  P^talement  est  de  rfduire  sa  puissance  dans  le  rapport 
Bm/Bs.  Pour  uc  bruit  blane  de  density  spectrale  de  puissance  alors  ••  n^  Bs  et  »  n^  Bnu  La 
puissance  du  bruit  en  sortie  est  celle  qu'on  obnendrait  en  transmettant  le  signal  en  bande  de  base. 

Ces  considerations  generalcs  pcrmettent  dis  lors  de  souli^er  un  certain  nombrc  dc  points : 

•  Les  emissions  it  spectre  etaI6  sont  robustes  pulsque  la  puissance  d‘un  brouilleur  localise  est 
reduite  par  !c  facteur  d’etalcmcot  Bs/Bm. 

•  Le  signal  peut  itre  transmis  avee  unc  densite  spectrale  tris  faible»  ce  qui  permet  d’assurer  une 
discretion  relative  ^  la  transmission.  En  fait,  des  methodes  de  detection  existent,  mals 
rinterruption  des  messages  reste  difficile  $1  les  codes  d'etalemeni  sont  suffisammemnt 
complexes. 

•  Les  possibilites  d'imrusion  demeurem  faibles  car  i'intrus  doit  posseder  le  code  d'etalement. 

Le  milieu  de  transmission  introduit  des  effets  qui  lendent  difficile  la  detection.  Sur  ce  plan,  retude  generale 
montre : 


•  Que  le  signal  transmis  est  translate  dans  le  domaine  fiequentiel  et  dans  le  domaine  tempore], 
imposant  ainsi  des  conditions  plus  generates  que  la  simple  notion  de  correlation  •  ou  de  nitre 
adapie  •  4  la  reception. 

•  Que  les  brouilleurs.  bien  que  leurs  effets  soient  atteoues,  peuvent  devenir  ginants  puisque 
reiargissement  de  la  bande  Bs  en  fait  intervenir  un  plus  grand  nombre. 

Eiffin,  les  imperfections  du  canal  tels  que  les  irajets  multiples,  les  diffusions,  erdent  une  distorsion  du  signal 
qui  bffecte  la  qualice  de  la  transmission. 
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.  Us  cmw  de  tnnsraissidti  peuvent  lut  caractiri^  par  iear  foncilon  de  transfert  bidiitb^osionnelle  H(it) 
qui  traduit  la  ^formation  spectr^e  apport^  i  chaque  tnst^t  au  si^  transmis. 

Dans  rbypotb^e  d’un  canal  qtmi«sudonnaifa,  condition  souvent  ,v6n(i£c^  le- spectre  du  signal  re^u  k 
I'instant  t,'  R(^t}.  est  donnd  par 

’R<tt).-S(0.H(i;t)  (4) 

oil  .  cat  le  spectre  du  signal' 

En  particulier,  si  le  signal  denis  a  un  spe^e  uniforme  S{0  «  So  le  spectre  dii  signal  re{u  est  Timage  de  la 
fonction  de  transfert  du  canal  Cette  technique  est  udllsde  pour  la  mesure  de  la  fdnetion  de  transfert  dont  la 
figure  S  donne  un  exeoiple  en  bande  dtroite  ^r  une  U^son  de  SOOOkm  effectude  dans  le  cas  du  canal 
ionosphdrique  (1)  et  pour  le  canal  traposphdrique  (2). 


La  transmission  de  rinformation  a  pour  support  un  signal  o^pant  la  bande  Bs  et  si  le  dibit  d’information 
est  1  Shannon  par  seconde,  chaque  Shannon  occupe  en  ooy^e  un  espace  temps  fr^uence  Bs  Ts.  II  est 
posable  de  localiser  cet  espace  en  considdrant  que  si  m  signal  tr^pone  simultandment  K  Shannon, 
Tespace  convert  par  ce  signal  est 

TT)Bb«KBsT$  (5) 

et  I’dncr^e  moyenne  par  Shannon  est 


£i  zljf  df.dt 

oil  D$(f.t)  Mt  la  deiuitd  spectrale  de  puissance  du  signal  re{u. 


(6) 


,  Dans  le  cas  d’une  transmission  sdrie  par  un  signal  binatre :  K  "  1,  Bb  ■  6$,  ’H)  ■  Ts. 

.  D^  Ic  cas  d’une  transmission  parallile  binaire  sur  P  voles,  pour  chaque  signal  didmentaire :  K  ■  1,  Bb  « 
Bs/PctTl)  ■  PTs; 

Dans  le  premier  cas  (figure  6)  le  signtd  est  dtendu  sur  I’axe  frdoMenilel,  dans  le  second  dtendu  sur  I’axe 
temporel.' 


En  comparant  ces  rdpartitions  avec  la  fonction  de  transfert  du  canal  on  constate  sans  peine  que  les  surfaces 
Tb  Bb  peuvent  oolncider  avec  une  diminution  de  Ds(f,t)  ce  qui  au^ente  locatemenl  les  taux  d’eneur. 


Les  Hgures  7a,  b  et  c  montrent  la  diminution  de  Ds(Lt)  par  des  ^upcs  de  la  fonction  de  transfer!  pour  des 
niveaux  dgaux  k  Ds  min,  Ds  odn/lO  et  Ds  min/20  oil 


-2-/^  “F  [// 

f 
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Les  vanatioos  ten^relles  de  U  foD^on  de  ti^fert  p^vent  tUt  tris  rapides  et  U  fi^re  id  i^Dtife  ua 
autre  aspect  de  cette  fonction  inesur^e  sur  la  minie  liaison,  n  apparalt  done  intiressant  d’augmemer  au 
maximum  Tb  Bb  qui  permet  dc  lisser  les  variations  de  Eb. 

Si  le  bruit  est  dirati^  p*r  une  densitd  de  puissance  n(f^t)  •  pour  uu  biiiit  blanc  n(^t)  ■>  no  •  la  ^nsiti  de 
pui^ce  mo^one  de  biwYsiur  le  domiiae  d’un  signal  re^  est 

M nimdfdt 

(7) 

En  appelant 

probability  d’erreur  du  modem  pour  im  report  Eb/No  ■  x.  Cette  probability  depend 
du  modem  udtisy. 

dPQ(x)  ■  po(x)  dx  la'piobability  poiK  que  x.<  Eb/No  <  x  dx.  Cette  propabilitd  depend  de . 

:  n(f,t)  et  Dans  le  cas  d'un  bruit  b^c  Pq(x)  suit  sowent  les 

'iois  de  Rayleigh,  Rice  ou  Nakagami. . 

Pl(^)  la  probability  detrouver  Eb/No  infyrieurhx  pendant  uneduryey. 

La  probability  d'erreur  Pe(XQ)  attachye  mi  cas  oh  Eb/No  esl  infyrieur  h  est  donnd 

jf  Pa(X)dx  JJJ 

et  la  longueur  moyenhe  des  blocs  est  donnye  par 
L(y)-Pi(Xo.y)  (9) 

pour  lesquels  la  density  d’eneur  est  Pe<XQ). 

Par  un  c^oi)  analogue  on  peut  dydnir  la  loi  de  distribution  des  distances  entre  les  paquets  d’erreur. 

La  probabillte  d'erreur  totale  Pe  est  donnye  pour  Xo  « soit : 

Pc  "  Pe(Xo-*  «)  ■  J'^(x)pc(x)dx.  (10) 

.Ces  valeurs  sont  d'un  grand  intyrit  pour  les  probUmes  de  transmission  car  ils  pennettent,  outre  I’yvaluation 
des  perfonnances,  de  dyterminer  les  codes  correcteurs  dY  s  urs  susccptibles  d’itre  uiilisys; 

Le  choix  d'un  code  ne  dypend  pas  de  la  seule  valeur  de  Pc,  mais  aussi  de  la  rypartition  des  erreurs  donnyes 
parPc(Xo)ciL(y). 

La  convexity  des  courbes  pe(x)  est. telle  qu’uncsdimiocaon  du  rapport'Eb/No  se  traduit  par^uns 
augmentation  importante  de  la  probability  d’erreur. 


^Lorsque  les  surface  D^£,t)  et  ^t  ^fiuctuames,  2  appanit  dcoc  int6remat'*^MaottKjh>lBb. 
Rusieun  wlutiom  ^ 

•  L'augo^uUon  de  U  bwde  ^  ^gnaL  C«t  le  prindpe  mime  de  rgtalement  de  spectre. 

‘  Le  ^Hipement  de  K  Qnnbcdes  dau  ud  nime  sifoaL'Cest  le  peindpe  du  codage.  Dsns  1« 

•  co^  en  bkM  oa  sispart  les  qrmbbles  d'u|fonnation  dtt  ^boles  de  redooda^' Dans  les  codtt 
convotutioimels  on  rdpartit  la  redondaiM  sur  tous  symral^ 

r  Four  inter  i'eiiq)ioi  de  ood«  trop  od^le^  on  utilise  la  tedmi^  de  reurelacemeot  qui,'  par 
une  ripartition  judideuse  (3]  (4],  des  symbols  d’lm  mime  vedeur  code,  dobne  un  moyennage 
satisfaisact. 

L’uUlisation  de  larges  baddes  dans  la  transmisdon  se  juttifie  ^nc  et  ritaleroent  de  q>ectre  est  solution 
intiressante  tnals  non  unique.  EUe  petit  itre  corr^inie  avec  des  teduuques  de  codage  pour  accroltre  encore 
Tefficaciti. 

Ce  principe  est  uiilisi  dans  les  techiUques  de  tb*Asmission  i  accis  mulUpIe. 

L'aocis  multiple  a  des  origins  lointaines  puisque  les  prenuers  ^times  ont  iti  con^  dis  les  annies  1950  ^ 
par  rutilisaUoo  de  sdiis  porteu^  gui  conduisent  i  uoe  occupation  du  type  modem  pai^ile  (6gure  6a)  ou 
du  multiplex  &.inqM:lti^  qui  est  run.des'pFemiers.syitimes  It  italemem  de  ipectre  puisque  une  vole 
tiliphonique  i^t  italic  sur  la  largeur  de  la  baode  d'imisslqn.  Les  premiers  systimes  utilisaient  des 
modulations  analogiques  d’ixnpulsions  •  amplitude  ou  temps  -  priHgurant  les  i^times  numiriques. 

Uaccis  multiple,  actuellement,  peut  itre  difini  conime  une  procure  ^rmettanCdans  un  mime  imlieu  de 
propagation,  la  criation  timultanie  de  multiples  canaux  de  transmission. 

Les  prindpales  techniques  utilisies  dicoulent  du  m^e  pr^pe  ginir^  qui  consiste  &  riaUser  pour  cbaque 
duial  une  transmistion  codie  telle  que  les  signaux  utilises  demeurent  prtbpgqnaux  It  tout  signal  utilisi  dans 
un  autre  canal.  ,  ^ 

La  ripartiiion  Tb  Bb  des  codes  se  ramine  aux  cas  des  H^res  6  et  done  aux  mimes  contraintM.avec  la 
condition  supplireentaire  d’ortbogonaliti  des  signaux  (codes). 

Le  choix  des  codes  apparalt  done  import^t. 


i  spewesii^  Mat  utilises  <Um  trob  grades 

•  La  dasse  de$  slgoaux  radars  qui  trouveat,  outre  k  radar,  des  appUcations  dans  les  ^times  de 
.•  docailudon  ou  de  soDd^es'.dejratmo^bire^(sorKkurv'MST  ou  iooospbdrique)  et  dans  les 
.  ^miUeux  sous^nm^'Cta  utiliM'engiD^rifiuflseur  signal  aiiquel  on  doiuk  souvent  le  noni  de 

s^iuea^ouWte.  .  »  . 

;  '  -.'.La  dasse  ^  dgom  utiUs^  dons  les  moden^  qui  peuvent  itre  c6n$titu6s  par  des  sequences 
Aaus^  bienque  par  des  cod^  en  bloo  ou  des  codes  convoliitionneU. 

•  La  dasse  6ti  signaux  utilise  dans  les  ^kmes  4  ace^  mulliplu  qui  uUlisent  des  signaux 

:pr^ututndcessairemeo(despropn6t6s'd’orth<^nalitd.'  v. 

Les'.stgnaux  utilises  sont  souvent  numdriques,  mais  des  codes  d*dtalement  analogiques  soot  ^galeinent 
uttlis^ 

IV.L  imUENCE  DILCAKALDE  ■^SMISSION  SURIE  CHOIX  DES  COPES 

Si  Ton  exdut  les  eflets  non  lindaires,  la  plupart  du  temf«  ndgligds  dans  les  canaux  r^els,  la  transmission 'd*un 
signal  est  totalement  ddfinie  par  la  rdponse  impuUiotmelle  bitemporelle  du  canal  qui  pennet  d’eiqitimer  le 
signal  traosoiis  par.  >  •  • 

a(t)  ■> t)  e>(tv7t)^d.t 


oO 

‘  li(t,r)  «t  la  v^eur  prise  par  ^t)  ldr»pie  e{t) »'  d(t*f) 
e(t)  la  valeVr  du  signd  i  I'entr^  du  cind  4  Tiittumt  t 
s(t)  la  valeur  du  sigi^  4  la  Mrtie  du  canal  4 1’instant  ( 

^'posant 


(H) 


I 


■oaobtient 


(12), 


Cette  rel^on  nroaire  que  le  sipid  re^i  est  It  somme  dee  ^*^ux'(fentrde  trtnsUtds  dtns  le  domtlne 
t&i^rel  et  dtju  le  ^mtlue  ^ectraL- 

'  D(r»  •>)  ett  It  trti^on^  ^Fourier  de  ^t,r)  pv  rtppon  i  It  vtfitble  tenpe,  ctri^rise  le  ctntl  dtiu 

r^Mce  titapi  de  propagation « frequence  doppler : 


' 


Ble  ttt  appeldc  fooctloa  de  diffusioo. 


(13) 


h  est  biea  cqrau,  ^'en  prdseti^  d'uo  bnilt  blan^  la  rdcepti<»  ^tii^e  au  sens  du  rapport  sign^  ik  bruit  est 
bbtenue  la*  Mediation '^sigr^  re^u  avee  le  conjugud  de  » rdpliqiiie.  te's!^  re^  n'esi  pas  connu, 
mais  on  salt  qu'il  oe  doit  pu  due  trds  diffdKUt  du  ^gnal  dmis  et  dans  ce  hi  on  effectue  rintercoirdlation 
en^’  le  re$tt  et  le  t^nju^d  du  slj^  di^  'luan^td  en  tem{»  et  en  frd'quence : 


(H) 


que  Ton  peut  dcrire  finalemem  sous  la  fonne : 


""Hi  ' 


y.*c 

aj^Me  foDCti'on  d’ambiguiti  quj  eat  rintereorrilatiOQ  du  si^  itois  avec  son  translate  en  frequence  et  en 
temps.  - 

L’op^ration  optimale  apparatt  done  oomme  I'int^grale  du  prt^uit  de  la  fonction  de  diffusion  par  la  fonction 
.  d’ambiguit^  sur  I’espa^ '  retard  >  doppler. 

Lorsque  le  canal  peut  £tre  consld^rd  conune  stationnaire  dors  pCr.  )  est  nul  en  dehors  de  ■  0,  C(r|{) 
apprualt  conune  ube  simple  correlation  du  signal  emls  par  le  conjugue  de  sa  replique  et  est  maximum 
lo^ue  Tp  ■  r.  Dans  le  cas  contraire  les  resuliats  dependent  du  ddcalage  doppler,  de  la  forme  de  !a 
fonction  d’ambiguite. 

-  Le  decalage  doppler  est  lid  aux  variations  du  chemin  optique  de  I'onde  dOi,  soit  aux  variations 
du  milieu,  spit  au^deplaament  des  points  d'emission  et/qu  de  reception.  L'effei  doppler 
intreduit  en  fdt  une'homolhetie  du  spectre  du  sigad  emis  que  Ton  peut  en  general  assiimler  b 
tine  trauIaUool  meoie  dims  les  systemes  utilisant  des  spectres  etendus. , 

Cependant,  dams  ca^ux,,reffet  doppler  peut  etre  suftanment  marque  Mit  parce  que 
la  Vitesse  de  deplacement  relative  d^  extremlt^  du  canal  n'est  pas  faible  devant  la  vitesse  de 
propagation  oomme  dans  les  propagations  $<ms>marines,  Mit  parce  que  le  milieu  varie 
rapidement,  conune  dans  le.cas  d^  liaisons  util^t  l«^trafnees  de.met^res.  11  faut  done 
considerer  cet  e^et 

•  La  fonction  d’ambiguite  ideale  serait  constituee  d’une  impulsion  de  Dirac 


Ce  resultat  est  inaccessible  puisque  A(ro,  ^o)  verifie  la  relation 

'^l/)rc.A)f  dzd^  z  1 

Wo,ot^ 


Le  volume  Umite  par  A(ro,  >  o)  est  incorapressible 


(17) 


Mi 


L«  7  donne  un  fonction  (Tanbiguit^  ^teniie  aw  des  a>d^  pMudo  aliatoi're  k  257 

momeau.  De  nombreux  kuteurs  ont  donni  des  repf^ntaUons  ^  fooctions  d’ambigult^  de  sig^ux  utilise 
enradtf[5][6]. 

Dans  les  ^times  k  kccis  multiples,  ie  r^pieur  resoU  une  somme  de  signaux  ei(t)  provenant  des  di^irents 
utQisateurs  et  le  riceptetir  optimal  effectue  rop6tation : 

:£  , 
oh 

e*r(t*r|^)  est  la  r^plique  du  signal  attendu  et 
D  (r,  )  la  fonction  de  dif^ton  du  canal  i 
qui  peut  s'icrire  sous  la  forme 

C(Z^::^j^^DL(Cji)AnCet-z^^i\)dSdi 


avec 


appel^  fonction  d’interambiguit6. 

Dans  le  cas  des  systimes  h  a^  multiple  les  sigtuux  utilise  doivent  possfder  des  fonctions  d’^biguiti  se 
rapprochant  de  ia  fcnctioo  i  pbinte  centrale  uiuque  et  des  fonctions  d’interambiguitd  au»i  faibles  que 
possibles  pour  riduire  la  contamination  mutuelle  d^  $(g^uL 

Lorsque  Itt  signaux  sbnt  sufGsamment  simples,  !e  calcul  de  C(rp)  peut  itre  effe^6  par  un  simple  filtre 
dont  la  fonction  de  transfert  est 

HMO 

bans  les  auUcs  cas  une  synchronlwioo  doit  itre  acquise. 

En  large  bande,  elle  est  rendue  delicate  par  le  fait  que,  le  taux  d’dtalement  itant  giniralement  dlevd,  le 
signal  est  au  niveau,  voire  sous  le  niveau  du  bruit  et  des  brouilleurs  et  que  la  re^erefae  de  la 
sysnehrpmsation  doit  se  faire^daos  I'espace  k  deux  dimensions  (retard  >  frequence). 
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D'autre  part,  I'exiitence  des  trajets  multiples  eidge  uu  d>oiz  du  trajet  jugi  opportuivou  une  comblo^n  de 
c»tiajet& 


Uopiration  optimale  consiste  i  r^aliser  un  fdtre  adaptd  td  que : 

Hllat)  z  k(t,Z)e'‘  dz 

Jm^ 

Get  asp^  gtoiral  a  £td  abordi  par  de  nombreux  auteurs  [7),  (8j  dans  le  cadre  des  signaux  iL  bande  dtroite. 
Darts  le  cas  des  stgaaux  large  bande,  la  r^isatioo  des  fibres  phrs  complexe  se  fait  avec  rinsertion  de  lignes 
h  retard  (9]. 

IV.^  SEQITEMCESCT  CODES 

Une  tris  vaste  litt^rature  euste  sur  cette  question  et  des  solutions  Ini^ressantes  ont  €t6  proposies. 

II  ne  peut  itre  question  dans  cet  expo^  de  ditaitler  toutes  les  solutions  prop^ies.  On  se  limitera  i  citer  les 
principates  solutions  que  Ton  a  dassi  en  cinq  catigories  (figure  8). 


Les  siquences  numinques  prisentent  I’avantage  d’etre  produites  par  des  systimes  lo^ques 
simples. 

•  Les  sequences  pseudo  aliatoires  (10)  dont  la  figure  7  donne  un  exemple  de  fonction 
d’ambiguiti  sont  les  plus  utilisies.  Elies  sont  produites  simplemcnt  par  des  registres  i  dicalage. 
La  fdndiOQ  d’ambi^iti  piriodlque  itbrmalisie  prend  les  valeiirs 
A(o,o)  ■  N,  A(f  0,  oj"  •  1  ei  ailieurs  A(r<:^  TfT 

oO  N  B  2° « 1,  n  <  Z'*'  est  la  longueur ‘de  la  sequence. 

I^rsque  1^  siquen^  ne  sont  pas  utillsies  en  enchamement  piriodique,  la  fonction 
d’autc^rrilatibn'se  dj^ade. 

D’autres  sequences  ont  iti  ilabordes  pour  amiliorer  les  performances.  On  peut  citer,  sans  que 
la  lisle  soit  exhaustive : 

•  Les  siquences  de  BARKER  (11)  dont  les  longueu5  cependanl  sont  riduites  mais  qui  ont 
des  fonctiOQS  de  corrilation  apiriodiques  intiressantes. 

•  Les  siquenees  de  KASAMI  (12]  ou  de  GOLD  (12)  dont  la  fonction  de  corrilation  ne  prend, 
en  dehors  de  la  pointe  centrale  que  2  ou  3  valeurs. 


MS- 


;  Ui  s^uenbes'complimcnuires  de  GOLAY4i4I  ou  its  tiqueoces  CA^C  qul  pMsideat-  ^ 
de$'fo^OD$'.(rautocorr4Ution;«pdriodiques:i^«s  Pa  tous  les.dicalages  ou  pour^uo' 
domainededic^edifiol  ^  -y 

bans  siquenc^  multiphases,  les  perfommoces  sent  plus  fadlement  aiteintes  et  des  soluUoos 
ont  dtd  propbUes  par  RL^FRANK  (IS),  ^  SIVASWAMY  (16]  et  d'autrtt  qui  ont  d6cnt 
notamment  des  coostrucUdns  recumves  de  sequences. 

Dans  les  ^times  i  aecis  multiple,  on  doit  utUiser  des  codes  compci£$  de  vecteurs  onhogonaux 
•entreeux. 

Les  cod^  de  GOLD  (17]  ont  appond  une  soIuUon  souvent  utiU$6e  qui  a  6t6  dtendue  par  C 
GOUTELARD  et  F.  CKAVAND  (18]  qui  ont  d6&u  les  codti  pseudo  onhogonaux  dont  les 
meilteurs  atteignent  les  bomes  de  WELCH  et  SrOEUNIKOV  (19]  pour  les  autocorr^Utions  et 
Intercorrdlatioos  pdriodiques. 

j.D;OLSEN>et  autres;(20]  ont'proposd  6galeroent-dM  sdquences.vBem  sdquen^  -  qui 
attei^eot  dgalement  les  bomes  de  WELCH  simultandment  en  auto  et  Intercorrdlatioo. 


Le  prindpe  de  ces  sequences  est  donnd  sur  la  figure  &  II  consiste  h,moduler  le  signal  en 
effeauant  des  paliers  de  frequence  selon  des  lols  al6atbires  ou  diteraunistes. 

COSTAS  [22]  a  foimali^.U  synthise  des  signaux  possibles  dans  le.cas  d’une  sequence  de 
longueur  N.  D  s*appuie  sur  Tbypoth^  que  pour  tout  dicalage  (Dopier  •  DelaL)  U  ne  doU  pas 
exister  plus  d’un  palier  qu!  puisse  coIncider  avec  un  palier  irutiaL 

A  panir  de  cette  constatation  U  dtablit  une  raatrice  N  x  H  dite  matrice  de  CO^AS  repr6$eqtant  ( 
les  N  inaimeots  temporels  sur  les  colonnes,  fr6quentiels  sur  lignes.  La  matrice  est  compos6e 
de  •  N  ”0*  et  de  qui  flgurent  les  fonctiom  des  palters  et  disposis  de  telle  sone  qu’U 
existe  un  *1"  et  un  seul  par  ligne  et  par  eolonne.  Pour  (out  dicalage  de  I  lignes  et  h  colotmes  il  ne 
doit  pas  exister  plus  d'une  coincidence.  ^ 

Lanutrice 

0  0  1;  .0  0.  0 

1  0  0  0  0  .0^ 

0  0  0  0  0  1 

0  10-000 
0  0  0  0  1  0 

0  0  0  1  0  0 


en  uoe  i]MtriceTde;OO^AS  pour  N  "  6.»D.est'^e  de>c6Q5tater 'que  conditions  de 
co^dencc  sont  rcspMt^  en  vMflint  que  pov  cbiquc  d^catage  tetsporel  it,'  t'dcart  entre  les 
'deux  *r  d*ttM  mime  colosne  ^1  est  ^irente  pour  eba^e  colotme. 

On  peut  atomdr^r  le  tableau  ftivant  dea  M 


Cette  construction  donne  une  fonciion  d'ambiguiti  optimale  et  U  a*iti  montri  qu’elle  est 
applicable  pour  toute  valeur  de  N  [23]; 


IV:13.  COPE  A  VARIATION  UNEAIRE  DE  FREQUENCE .  CHIRP,- 

Cette  technique  utilisie  en  radar  et  dans  lea  systimes  de  transmission  est  un  cas  limite  du  saut  de 
friquence.  Sa  fonedoa  d’ambiguiti,  dite  en  *lame  de  couteau*,  iatrodult  une  ambiguiti  Doppler 
retard  qui  peut  itre  rdduite  en  traitant  des  rampes  suceessives.  Cest  un  italement  analogique 
qui  oifre  I'avant^e  de  simplifier  les  iquipements. 


IV.14., CODES  ANALQGIQUES- 

L’italement  peut  itre  effectui  sur  un  signal  analogique  par  un  code  analopque.  La  modulation 
de  frequence  est  le  premier  ^time  de'ce  genre, 

G.R.  COOPER  et  LH.  COOPER  (24]  oat  proposi  de  rialiser  ritalement  par  un  signal 
totalemeot  aliatoire,  en  I’occurence  un  bruit  blanc  gaussien.  Cette  solution  ne  prisente  pas  de 
difficult^  ea  radar  oCl  le  ricepteur  dispose  naturellement  de  la  riplique,  ce  qui  n’est  ividenunent 
pas  le  cas  en  traostnission.  Le  systime  proposi  s’appute  sur  la  connaissance  ft  priori  de  la 
procure  de  codage  qui  permet  de  ddnner  au  ricepteur  la  structure  permettant  d'obtenir  une 
autocoailation  maxiniale  indipendacte  du  signal  uiHisi. 
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Cette  proc^ure.^t.intire^nte  dans  la  mesure  ^  le  signal  transirH  a  des  caractimtiques 
volsinesdu  bruit' 


V.^gmCHRONISATlON- 

La  S)iichromsatIon  dans  les  systimes  k  targe  spectre  est  la  prenuire  et  la  plus  diffiale  des  dtapes. 

Le  rapi^rt  signal  k  brtdt  dans  la  bande  B3  est  uis  faible  et  les  d^ddonS'mettant  en  jeu  le  signal  ne  peuvent 
^tre  prises  qu*apris  la  recompression  de  la  bande. 

L’objectif  visd  est  done  de  placer  la  rdplique  du  signal  ^n^  dans  I’espace  retard  -  dpppler  suffisamment  pr^ 
du 'Signal  re^  pour  pouvoir  se  trouver  au  voisinage  immidiat  de  la  pointe  centrale  de  la  fonction 
d'nmbiguiti.  dent  les  dimensions  soot  de  I'ordre  (figure  7) : 

oCt  Tc  et  Be  soot  respe^vement  la  dur^e  et  la  largeur  de  bande  du  code  d'italement. 

L'effet  doppter  se  manifeste  de  deuz  fa^ns : 

•  D'abbrd  sur  la  pbrteuse  du  signal  moduli  et  d'assez  ndmbreux  travaux  oni  iti  menis  ces  demiires  armies 
surcesujei. 

•  Ensuite  sur  le  dicalage  ftiquentiel  du  ^e  d’italemeht.  Dans.de  nombreux  cas»  ce  phinomine  est 
nigligeable  mais  dans  des  cas  plus  spidfiques,  fl  n’est  pas  possible  de  Tignorer.  Ces  cas  apparaissent  par 
exeniple  dans  les  riceptions  CPS  k  graride  dyhaniique,'dans  les  liaisons  so"Vman'nes  ou  dans  les  systimes  k 
taux  d'italem'ent  tr^  ilevis, 

II  apparalt  done  deux  problimes :  la  synchromsation  temporelle  et  les  ^chronisation  friqucntielle. 


V.LSYNCHRONISATONTCMPQRELLE 

Datis  le  cas  de  sequences  oourtes  oCi  Ton  peut  utiliser  ua  filtre  adapti,  le  problime  est  it  priori  risolu. 

On  considireia,  dans  ce  paragraphe,  que  Teffet  dof^ler  est  nigligeable  sur  le  code  et  que  les  siqutnees 
sent  de  grande  longueur. 
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La  premiire  mithodc  utilisie  a  i\i  d*eff£^uef,une  redte^e  sine  de  la  s^chfbnisation  en  di^ant  la 
r^plique  du  code  par  incrdmenL«  de  fa^Q  4  d^caler  !a  bonne  ^chronisation  par  I’observation  du  signal 
d^tea&  Cene  procedure  a  Tavantage  de  permetue  une  syncbronisation  sQre  m&me  en  presence  de 
broutllage  important.  Par  centre,  elle  nfeessite  un  temps  de  recherche  et  un  volume  de  calcul  consequents 
qui  croi^nt  enN*. 

Pour  pallier  4  ces  inconvdnients,  des  mdthodes  de  redterche  basdes  sur  des  corr61ations'partielles  de  la 
sequence  (Tetalement  sont  utilised  $i  elles  reduis^t  le  temps  de  c^cvl  et,  en  general,  le'  temps 
d’acquisitlon  de  la  synchronisation,  elles  sont  moins  ^mstes  4  regard  du  bruit.  Les  proprietes  propres  de  la 
■siquetice  d’etalement  doivent  etre  prises  en  compte  notamment  ait  niveau  des  correlations  partielles  qui 
ont  ete  etudiecs  dans  le  cas  de  sequences  dassiques  [25]  (26).  II  est  interessant  de  remarquer  que  les 
etalements  par.saut  de  frequence  dont  les  lois  sont  etablies  4  partir  des  matrices  de  COSTAS  presentent 
une  bonne  protectioa 

'La  strategic  de  recherche  permet  de  reduire  le  temps  d’a^uisiiion,  retape  ultime  etant  de  le  ramener  4  une 
duree  egale  ou  inferieure  4  Te.  Si  aucune  information,  4  priori,  n'est  connue,  alors  la  recherche  de  la 
synchronisation  est  faite  de  fa^on  aieatoire.  Cependant,  lorsque  les  dure^  d«  codes  sont  longues,  il  devient 
necessairc,  et  il  est  souhaitable  pour  les  codes  courts,  d’avotr  une  information  sur  rinstant  d'arrivee 
probable  du  code.  On  dispose  alon  d’une  information,  4  priori,  qui  est  traduite  habitucllement  par  une 
function  de  densite  de  probabilite  souvent  prise  trian^l^re  ou  gaussienne  tronquee  (27)  (23)  [29].  Des 
strategies  de*  recherche  peuvent  alors  etre  etablies  et  une  etude  ^mp^Uye  a  ete  faite  par  V.M. 
JOV^OVIC  (30)  sur  oelles,  les  plus  utilisees,  represeniees  sur  la  figure  9  qui  montre  les  chemins  de 
recher^e  utilises  en  foncUon  du  temp&  L'auteur  etudit  les  tem(»  d'aquisition  mc^ens  et  conclut  que : 

•  Dans  les  strategies  search”,  le  mode  ‘continuous  center*  est  le  plus  mauvais  et  le  mode 
‘Broken  center*  est  le  meilieur.  Les  deux  modes  .*Edge‘  sont  equivalents. 

“  Les  strate^es  ‘expanding* Window*  sont  ^obalement  meilleures  que  les  strategies  *Z  search”. 
Les  deux  modes  'continuous*  sont  globalement  mauvais  et  les  modes  ’Broken*  sont  nettement 
superieurs. 

•  Les  mod^  *UaifonnIy  expanding  alternate*  et  'Non  Uniformly  expanding  alternate'  proposes 
par  Tauteur  sont  nettement  superieun  aux  autres. 

Ces  resultats  s'expliquent  blen  intuitivement.  L'auteur  donne  les  temps  d'acquisition  moyens  pour  chaque 
strategie  que  leurs  vaii^cef . 

D’autres  technique  destioees  aux  codes  oumeriques  [31|  [32]  [33]  aussi  bien  qu'aux  codes  4  sauts  de 
frequence  [34]  [35]  ont  ete  proposes  et  on  en  trouvera  les  details  dans  les  references  dtees.  Cependant, 
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toutes'les  procedures  proposers  s'appuicnt  sur  dcs  correlations  partiellcs  qui  rendcnt  plus  fra^les-Ics 
systemcs. 

L’objccuf  de  riduire  la  comp!e»(i  dcs  calculs  a  dtd  abordie  par  {'utilisation  de  sequences  particulieres  dont 
le$  proprietes  permetteot,  dans  la  correlation,  de  permuter  les  operateurs  multiplication  >  addition  en 
prindpc  incommutables  (36].  Cette  disposition  transforme  le  schema  des  correiateurs  conune  indique  sur  la 
figure  10  dans  laquelle  -  K  longueur  de  la  sequence  et  la  valeur  optimale  de  b  vaut  ,  La 
complexite  classique  d'un  synchroniseur  qui  necessite  N*  operations  devient  avec  ces  sequences. 

Pour  N  ■  1000  la  complexite  du  calcul  est  reduite  d’un  facteur  50  et  pour  K  "  10  000  d’un  facteur  2S0. 

La  reduction  de  la  complexite  des  calculs  permet  d’e^ectuer  les  correlations  sur  la  totalite  du  code  et  done 
de  conserver  une  grande  robustesse  \avi*vi$  du  bruit; 


V.2.SYNCHRONISATION  EN  FREQUENCE 

La  synchronisation  en  frequence  de  la  porteuse  peut.  dans  le  cas  de  modulations  de  phase  numdriques,  etre 
obtenue  par  des  procedures  non  lineaires  dassiques.  m^us  11  peut  etre  necessaire  que  cetie  operation  se 
fasse  simultanement  avec  I'acquisition  du  code  pour  avoir  un  systime  rapide. 

Deux  principes  sent  encore  utilises,  separement  ou  non. 

Le  premier  consiste  i  segmenter  le  signal  en  intervalles  de  temps  suflisamment  courts  pour  que  la  function 
d’ambiguite  de  la  sequence  partiellc  atteigne  une  potnte  centric  suflisamment  eiendue  le  h.ng  de  I’axe 
doppler  pour  contenir  le  decalage  doppler. 

Le  second  consiste  k  realiser  un  ambiguimitre  qui  effectue  la  correlation  du  signal  re^  avec  la  replique  du 
code  decaie  en  frequence. 

Le  prender  prindpe  utilise  un  seul  correiateur  mats  devient  fragile  vis>4>vis  du  brouillage,  le  second  un 
grand  nombre  de  correiateurs  (filtres  adaptes)  mais  conserve  sa  robustesse. 

Hn  fait,  entre  ces  deux  extremes,  les  solutions  pratiques  et  des  descriptions  de  sysiemes  reels  (31)  (32)  (33) 
montrent  un  eventail  tris  large. 


Si  les  dlstorsions  apportees  par  le  canal  limitent  les  transmissions  4  spectre  etendu,  le  brouillage  et  les 
interferences  apportent  aussi  une  limite. 
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On  pent  compenser  les  distorsions  par  des  filtre&  compebsateun  autoadaptattb.  On  pcut  riduire  I’inOuence 
de$  interferences  par  un  filtragc  spatial  du  signal  mais  aussi  par  un  flltrage  frequcnticl.  Dans  ce  dernier  cas 
une  strati^e  consiste  masquer  ies  parties  broulliees. 

Des  syitimts  ont  dtd  proposes  [37]  [33]  et  U  a  et6  presentd  (39)  une  solution  optimale  qui  mioimalise  le 
coflt  dnergetique  de  transfert  de  rinformation.  Cette  rndthode,  applicable  k  tous  les  domaines,  a  iii 
appliqu6c  en  VHF. 

L’accroissement  de  la  puissance  du  bruit  est  supetieur  &  lOdB/decade,  valeur  qu'on  obtiendrait  si  le  bruit 
etait  blanc.  La  flgure  11  montre  rencombrement  spectral  de  la  gamine  ddcametrique  en  Europe  occidentale 
•  gamme  particulierement  perturbde  •  et  la  figure  12  les  variations  de  la  puissance  du  bruit  dans  deux 
gamines  de  frequence  en  fonction  dc  la  bande  utiltsee.  On  constate  qu’au'deli  de  20KHz,  I'influence 
des  broullleurs  devient  ginante  et  intolerable  au*de!&  de  lOOKHz  dans  la  plage  9*10MKz. 

La  procedure  proposec  consiste  k  reatiscr  des  masquages  du  spectre  re^  ^  Tendroit  ob  apparaissent  les 
interferences  (figure  13).  Les  spectres  des  stgnaux  pouvant  itre  assimlies  k  des  fonctions  fenetres,  hypothese 
proche  des  condiUons  rdelles,  le  recepteur  adapte  calcute  la  fonction  de  correlation 


•  2  Ag  Oft  sine  (Oo  T) 
obsincx  ■  sinx/x 

fl  ■  2f  Fo  est  retendue  dn  signs)  ramenee  en  bande  de  base 
Ao  I’amplitude  du  carre  du  ^cire. 

Si  on  effcctue  N  masquages  de  largeur  2  eini  centres  sur  des  pulsations  ni,  la  fonction  de  correlation 
s’exprime  par 

C(r)-0>(T).Cp(T) 

Cofe)  z  2_,  ^  .sm  cos(S2.i'S) 

teN  ^ 

et  Ani,  ni  des  grandeurs  aieatoircs. 

Ainsi  le  masquage  a  deux  consequences  inverses : 


•  La  premiere  est  la  diminution  de  la  puissance  des  interferences: 


•  La  seconde  est  une  difonnation  de  ta  fooctioo  de  cotrilatioQ  dont  les  remontie$  en  dehors  du 
maximum  principal  peuvent  itre  conriddries  comme  un  bmit  dont  on  peut  borncr  la  variance 
139]  par 


o*n  ■  ^  A  ft  j  o 


oCi 


EnposantR  * 


Densitd  spectrale  de  bruit  tnoyen  sans  masquage 


on  montre  alors  que  le  rapport  signal  i  bruit  aprAs  ddmodulation  s*dcrit : 


N 


~  O'^m  n{0l) 


’i  (r"o)  ■  Rno(l-o)* 

■„  -  Rno^a 

densltd  spectrale  moycnne  de  bruit  dans  la  bande  aprds  masquage  et  telle  que 


n(a) 


nvoi"o)no 

L’optimisation  consiste  &  rechercher  la  valeur  de  or  qui  rend  $/N  maximum.  Ce  calcul  s'eCfectue  par  !a 
mesure  de  n(<i)  qui  est  effectude  au  vu  des  spectres. 


La  figure  14  montre  les  rdsultats  obtenus  dans  3  cas  typiques  d’encornbrement  spectral  pour  des  bandes 
utilisdes  de  20, 50.  100  et  200KHz.  La  puissance  du  signal  dtant  supposde  constante,  on  constate  que  pour  a 
*•  0  !e  rapport  signal  it  bruit  ddcroit  lorrque  la  bande  utilisde  augmente  et  qu’une  valeur  optimale  de  a 
diffdrente  de  zdro  est  ndcessaire  pour  les  largeurs  de  bande  importantes  dans  des  plages  pertutb^es.  Le  gain 
du  iraitcment  atteim  dans  les  cas  prdsents  8dB, 


Cette  dtude  montre  Timportance  des  interfdrences  et  une  fa;on  de  s’en  libdrer.  Les  interfdrences  peuvent 
dtre  involontaires  ou  volontaires.  Dans  ce  dernier  cas.  la  procddure  devient  un  systdme  de  centre  contre 
mesure  diectronique. 


VIL.  CONCLUSION- 

Les  probldmes  de  transmission  utilisant  des  largeurs  de  bande  importantes  sont  nombreux  et  encore  non 
rdsolus  de  fa^on  optimale. 
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Si-Ies  tvantases,'»i  seaside  refnadti  ^aergidque  sont  grands,'  Us  sont  cependant  poodir^  par  les 
cnntaiotes  qu'impbs«ot  Ics  imperfections  des  canaux  et  TinCuence  des  brouiUeurs. 

Lc  choix  des  codes  demeure  un  problime  majeur  qut  continuera  i  dvoluer  encore,  notamment  dans  les 
problimes  (Tacc^  multiple  oil  la  notion  d'orthogonaltii  peut  itre  rdexaminie. 

Les  procddures  de  ^^onisatioo  sont  encore  dtlicates  el  une  d^ynchronlsation  acddentelle  peut 
produire  des  paquets  (f  erreurs  difHdIes  i  corriger. 

La  lutte  contre  !e  brouillage,  volontaire  ou  non,  conduit  k  I’emploi  de  syst&mes  adaptatifs  spatiaux  ou 
frdquentiels. 

La  mise  en  oeuvre  simultan^  de  ces  mdthodes  font  de  cessystimes  des  ensembles  complexes. 
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RESUME 


La  lutta  contra  la  guerra  ^lactraniqua  a  motive  da  nombreuses  recherches 
militairas.  Las  systimes  &  spectre  dtald  ont  dtd  ddveloppds  pour  so  protdger  des 
sysUmes  da  contre-mesures  actuallement  en  service.  Qua  seront  les 
performances  des  systimas  da  transmission  h  bands  large  en  face  de  contre- 
mesures  mieux  adaptdes  ? 

Quallas  sent  las  tendances  long  tarme  7 

Ce  sent  les  questions  auxquellas  nous  tentons  de  rdpondre  en  examinant 
succcssivement  les  difTdrentes  activitds  de  la  guerre  dlectronique  ;  interception, 
localisation  et  brouillage. 


I.  INTRODUCTION 


La  ddvcloppament  do  systbmes  militairas  de  transmission  h  bande  large  a  dtd 
justiiid  par  la  ndcessitd,  ressentio  par  les  militaircs,  do  se  protdger  d’une  guerre 
dlectromque  de  plus  en  plus  intense,  Des  rdsultats  apprdaables  ont  obtanua 
et  I'efHcacitd  des  systbmes  en  service  fortoment  limitce  en  faco  de  ces  nouvelles 
modulalisns,  11  faut  capandant  admettre  quo  les  sp6cialistes  de  la  guerro 
dlectronique  no  manquaront  pas  d'adapter  les  systbmes  qu’ils  conpoivent  b  ces 
nouveaux  signaux,  Ixss  Evolutions  actucllement  en  coura  ou  prEvues  b  court 
terms  sont  lea  Episodes  d'uno  bataille  dans  laquelle  I’anne  ou  la  cuirasso  pouvent 
remporter  das  sucebs  tactiques,  mais  sans  douto  pas  des  victoircs  dEfinitives,  II 
no  serait  pas  possible  de  dEcrira  lea  Epiaodca  de  cette  lutta  sans  rEvEIor  des 
infonuationa  hautoment  classifiEas,  II  m'a  done  semblE  prEfErablo  do  prEdser,  en 
faisant  abstraction  do  touto  difGcultb  technologiquo,  quellcs  sont  los  iimites 
fondamontaloa  qui  s’imposont  tant  aux  systbmea  do  guerre  Electroniquo  qu'aux 
procEdEs  de  contm-contre-mesures  Electroniques, 
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^ront  ansdys4s  successivement  les  probUmes  li^s  k  Knterception  des  signaux  k 
large  bande,  ceux  li£s  k  la  localisation  des  dmetteurs.et  en£(n  au  brouillage  des 
r^cepteurs.  Dans  chaque  cas,  les  signaux  k  bande  large  seront  compares  aux 
'modulations  classiques.  Enfin,  une  conclusion  feia  ressortir  les  ^l^ments  les  plus 
saillante  de  <»tte  analyse  et  la  nat^  des  choix  opdrationnels  en  jcu.  . 

Bien  dvidemment,  les  limitatione  technologiques  restreignent  la  libertd  de  choix 
des  si^cialistes.'  Les  sysUmes  qu'ils  vont  reiser  ne  seront  sans  doute  pas  aussi 
ambitieux.  En  tout  cas,  il  imports  que  les  ddcideurs  connaissent  bien  les  limites 
thdoriques,  seules  intangibles, 'et  puissant  choisir  en  connaissance  de  cause.  Ce 
document  est  dcrit  k  leur  intention. 


11.  INTERCEPTION  DES  SIGNAUX  A  LARGE  BANDE 

Un  rdcepteur  d’interception  doit  potivoir  ddtecter  un  signal  k  spectre  dtald  dans 
un  environhement  complexe  comprenant  du  bruit  radiodlectrique  et  des 
dmissions  de  touts  nature.  Sauf  dans  les- cas  exceptionnels,  mais  toiqours 
possibles,  oil  la  proximitd  de  I’dmetteur  k  intercepter  est  telle  que  I'onde  dmise 
peut  dtre  refue  avec  un  rapport  signal  sur  bruit  suffisant  sur  une  antenne  large 
bande,  il  est  ndcessaire  de  mettre  en  oeuvre  diverses  techniques  de  traitemcnt  ce 
deux  types  de  traitements  ;  le  filtrage  temporel  et  le  filtrage  spatial.  La  ddtection 
des  signaux  se  fera  ensuite  dans  un  ddtecteur,  c‘est  d  dire  un  systdme  non 
lindaire  qui  pourra  dtre  assez  complexe  dans  le  cas  des  signaux  k  large  bande. 


2.1,  Le  filtrage  temporel  classique 

Si  la  bande  du  signal  est  B,  il  est  natarel  de  rdduire  I’influence  du  bruit  et  des 
autres  signaux  en  utilisant  un  filtre  de  largeur  de  bande  B. 

Ce  traitement  cst  toiqours  possible  quelle  que  soit  la  modulation  du  signal. 


L’efficadtd  du  filtrage  peut  dtre  dvaludo  fadlement  lorsque  le  bruit  dans  lequel 
est  noyd  le  signal  est  blanc  et  gaussien. 


Il  est  intdressant  de  le  comparer  au  seuil  de  fonctionnement  du  rdccptcur  adaptd. 
Celui-d  ndeessite  que  I’dnemo  recue  par  bit  transmis  soit  supdrieure  k  un  seuil 
voisin  de  celui  d'un  dispositif  k  bande  dtroite ; 


EiNo>So 


Appelons  R  le  ddbit  de  la  transmission  et  b  le  paramdtre : 


b  =  B/R 
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Le  signal  sur  bruit  b  la  sortie  du'r^cepteur  d'interception,  correspondant  k  la' 
liniite  de  pdrt4e  do  la  liaison  &  inter^pter  vaudra : ' 


X  & 

»o 


On  pourra'ainsi  ddtecter  un  signal  b  si^tre  dtald  dbs  quo  la  marge  de  la  liaison 
dmetteur/intercepteur'ddpassera  un  seuil  lid  au  temps  dpbseryation  du  canal. 

Comme  dans  un  radar,  on  pourra  faire  une  moyenne  des  amplitudes  observdes  h 
des  instants  sdpards  d’une  durde  T  =  l/2B.'On  obtient  ainsi  un  gain  d’intdgration 
iiicohdrente  comme  disent  lea  radaristes.  On  pout  I’a^proximcr  par  I’une  des 
formules  empiriques  utilisdes  pour  le  calcuT  du  gain  de  post  intdgration 
incohdrente. 


Lorsque  le  paramdtre  b  est  grand,  le  seuil  de  ddtection  k  probabilitd  de  fausse 
alarmo  de  10-P  sera  amdliord  dans  le  rapport ; 

g  =  'pb 

Four  les  valeurs  petites  de  b  ce  gain  sera  supdrieur  k  cette  valeur  sans  pouvoir 
ddpasser  la  valeur  b.  n  en  rdsulte  que  la  peite  de  seuil  de- ddtection  due  k 
I'dtaicment  de  bande  sera  faible  ou  mule  pour  les  valeurs  faibles  de  b  ot  pourra 
dtre  approximde  lorsquo  b  est  grand  par  la  formule : 

R  “  b  »  b/p 
pb 

Par  exemple,  pour  b  =  256  et  une  fausse  alarme  de  10*^  on  trouve  R  =  S,  ce  qui 
correspond  k  une  perte  de  seulement  9  dB  par  rapport  au  seuil  de  ddtecUon  d'un 
signal  b  bande  dtroite,  et  sans  doute  moins,  si  on  tient  compte  du  fait  que  la 
puissance  de  rdmetteur;aura  dtd  augmentde  pour  conserver  la  mdme  portde, 
malgrd  les  imperfections  d’lm  rdcepteur  bien  plus  cdmplexe. 

Lorsque 'le  paramdtre  b  a  une  valeur  trds  dlevde,  les  signaux  seront  moins 
ddtectables  que  sans  dtalement,  mais,  notamment  dans  le  cas  des  liaisons  radio 
mobiles  terrestres,  ils  le  resteront. 


2.1.2. 1 


Si  le  bruit  thermique  est  tumours  prdsent,  les  signaux  b  large  bande  TOuvent 
dgalement  dtre  ma^uds  par  dWtrcs  dmissions.  Dans  un  environnement  dense,  il 
sera  trds  difficile  de  sdparcr  par  un  simple  Sltrage,  des  simaux  dont  les  spectres 
auront  tendance  b  se  supe^scr.  Les  simaux  les  plus  faibles  seront  masquds  par 
les  plus  forts,  mais  ceux-d  seront  le  plus' souvent  ddtectds.  C’est  sans  doute  ce 

fihdnomdne,  pour  autant  qu’il  suit  bien  exploitd  qui  est  le  plus  capable  d’assurer 
a  faible  probabilitd  d'interception  des  signaux  b  large  bande. 


2^  Lei  cin^orationi  pi^biei  da  Slt^e  temporel 

Si  le  rtopteur  d’inteiceptiQn  disposait  de  toutes  les  infonnations  posaibles  sur  le 
signal  r^erchd,  son  seuil  de  detection: serait  infdrieur  ou  dgal  it  celui  du 
r^rateur  vers  lequel  est  envbyd  le  message.  11  serait  done  possible  d'atteindre  les 
peiionnances  obtenues  sur  les  stgnaux  b  bande  btroite.  Malheureusement,  dans 
fes'systbmes.'militairea  it  large,  bande,.  one  paiiie  de'cette  information  test 
maintenue  seerbte.  Les/Iois  de  saut.de  ird^ence  pu'.les  codes- d’dtalement 
dependent  d'algorithmes  de  chifirement  trbs  difticiles  k  percer. 

n-faut  done  rechercher  des  techniques,  d'interception-qui  n’otilisent' que  les 
caraetdrisUques  connues  k  I’avance  du  spectre  dmis. 

On  peut  citer  les  suivantes : 

2.2.1.  Utilisation  de  la  signature  spectro-temporelle  du  signal 

Le  spectre  de  puissance  du  signal  dmis  n’est  pas  ndeessairement  stable  it  court 
terme.  Le  cas  fe  plus  trivial  est  celui  du  saut  de  frdquence  pour  iequel  la  densitd 
specti^e  de  puissance  est  identique  it  celle  d’un  dmetteur  classique  pendant  la 
durde  d'un  pallier  et  par  consdquent  les  seuils  de  ddtection  de  ces  deux  dmissions 
identiques;  d  un  gain  d'intdgration  -cohdrentc  prds  sur  les  ddtections 
dldmentaires. 


2.2.2.  Utilisation  de  caraetdristioues  propres  du  signal  recherchd 

Pour  atteindro  une  faible  probabilitd  d’interception  (LPl),  on  clierche  it  donner 
aux  signaux  it  large  bande  des  caraetdristiques  les  plus  proches  possibles  de 
celles  du  bruit  blanc  gaussien. 

II  reste  toutefois  entre  ces  si^ux  etle  bruit  blanc  gaussien  des  dilfdrences  qui 
doiveht  permettre  de  les  identiSer.  En'  faisant  abstraction  des  diOlcultes 
pratiques  de  mise  en  oeuvre,  il  est  possible  de  les  discriminer  d  partir  des  ciitdrcs 
suivante.  Tout  d’abord,  la  probabilitd  d’amplitude  de  ces  signaux  est  trds 
diSdrente  de  celle  du  bruit,  gaussien.  H  en  est  de  memo  de  leur  stationnaritd 
spectrale  ou  de  celle  de  leur  fonction  d’auto-corrdlation.  Enfin,  ils  prdsentent 
souvent,  au  moins  pendant  certaines  phases  de  communication  des  ddfauts 
pouvant  aller  jusqu’d  Texistence  do  raies  spectrales  non  moduldcs,  done 
extremement  faciles  it  ddtecter. 

Si  on  a  une  conniiissance  sulTisante  des  signaux  k  interceptor,  on  peut  imaginer 
des  filtrages  par  une  famille  de  codes  orthogonaux  ou  non  con^ue  pour  sdparer  au 
mieux  les  dmissions  techerchdes  du  bruit. 

Cette  mdthodo  peut  dtre  appliqude  aux  signaux  dtalds  par  code  courts  mais  perd 
tout  intdrdt  lorsque  le  nombre  de  filtrages  possibles  devient  important.  S  on 
dispose  d'une  connaissanco  parfaite  du  mode  de  fonctionnement  du  systdmo  it 
interceptcr,  cette  domidre  mdthodo  peut  s’avdrer  extrdmement  performante.  Elle 
est  toutefois  rarement  applicable,  cc  qui  ne  lui  laisse  qu’un  intdiel  thdorique. 
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Conclusion 


Les  s^stimes  &  large  bande  conseWeht  done  un  Idger  avantage  surles  aj^stemes 
dassiqueg  et  sent' plus  difEdles  ii  intercepter,  mSme  si  la  disensibilisation  des 
rdeepteurs  est  plus  faible  qu’on  ne  le  pense.babituelleinent.'C’est  sans  doute  la', 
diminution  de  fa  sdlectivite  des  rdeepteurs  dinterceptian  qui  joue  le'role  le  plus 
in^rtant.  Dans  la  mesure  oti  ceux-d  ne  sent  pas  capable  de,'s£parer  les 
diudrents  signaux  presents,  simultan^ment,  dans  le  spectre  radio-dlectriquo',  leur 
intdrSt  diminue  sensiblement. 


III.  LE  FILTRAGE  SPATIAL 


Mdme  si  la  notion  de  iiltrage  spatial  est  rdeente,  dest  une  technique  gui  a  dtd 
appliqude  dds  les  ddbuts  de  la  radio-dlectridtd.  Les  opdrateurs  avaient  vite 
compris  I'intdrct  des  antennes  directives  . pour  sdparer  les  signaux  re;u8.  Trds 
rapidement  les  prindpes  des  goniomdtres  avaient  dtd  inventds.  La  localisation  > 
par  radiogoniomdtrie  des  dmetteuiu  ennemis  devenait  I’acUvitd  essentielle  de  la 
guerre  dlectronique.  On  s’est  alots  appliqud  ii  ddterminer  le  plus  rapidement 
'  possible  les  positions  des  dmetteurs  interceptds  k  partir  d’une  cnaine  de 

goniomttres  rdpartis  sur  le.  terrain  de  fa^n  telfe  que,  par  recoupement  entre  les 
I  oiOdrentes  observations,  il  soil  possible  de  les  localiser  avec  precision. 

j  Comment  cette  technique  peut-elle  s'appliquer  aux  signaux  k  bande  large  ? 

!  Existe-Ml  des  tccliniques  de  localisation  inicux  adaptdes  k  ces  dmissions  ? 

I  Que  peuvent  apporter  les  techniques  modetnes  de  traitement  d’antenne  ? 

I  Comment  la  propagation  limite-t-elle  les  performances  des  systhmes  de 

I  localisation  ? 

C’est  k  ces  question  que  nous  allons  tenter  de  rdpondre. 


3.x,  La  goniomdtrie 

3.1.1.  Localisation  d’lm  signal  &  bande  large  il  Taido  d’lin  goniomdtre  classinuc 

Supposons  que  nous  essayons  de  mesurer  I'angle  d’arrivde.  d’un  signal  k  bande 
dtai^e  de  bande  B  h  I’aiae  d’un  goniomitre  adapts  aux  signaux  classiques  de 
bando  B/b,  b  £tant  le  taux  d’dtalcment  d^flni  prdc^demment. 

Sous  reserve  que  le  temps  d'observation  soit  sufUsant,  la. puissance  du  signal 
filtrd  par  le  recepteur  du  goniomHre  sera  divis^e  par  b.  U  en  rdsultera  une 
diminution  do  sensibility  dans  le  rapport  b.  Si  on  admet,  comme  prycydemment 
que  le  taux  d’ytaleracnt  b  vaut  256,  cela  conduira  &  une  perte  de  rapport  signal 
sur  bruit  de  23  dB,  ce  qui  est  important. 

n  est  done  tris  dilGdlc  de  localiser  les  signaux  k  spectre  ytaiy  sans  adapter  les 
goniomytres  h  leurs  caractyristiques. 
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Four  les  signaux  des  ^metteurs  k  saut  do  frequence,  une  premiere  modiRcation 
simple  consiste  k  n'int4grer  les  mesures  que  pendant  la  durde  d’un  pallier  de 
fi^uenM,  de  dur^  connue  du  goniomitre. 

Si  cn  suppose  que  les  performances  nominales  de  cet  ^quipement  sent  obteniies 
pv  integration  sur  une  dufee  t,  plusieurs  cas  pourront  se  presenter.  Si  la  duree 
T  du’paliier  est  superieure  ou  e^e  k  t,  il  n'y  aura  aucune  perte  de  sensibilite. 
Si-'cette  dur^  est  infeiieure  au  temps  d'integration.  il  y  aura  une  perte  de 
sensibilite  au  plus  egale  ft  tfT. 


3.1.2. : 


Pour  eviter  cette  perte  de  sensibilite,  il  est  naturel' d’adapter  la'bande  -du 
recepteur  k  celle  du  signal  large  bande.  Comme  dans  le  cas  dcs  rdcepteurs 
d’interception,  il  sera  possible  de  faire  b  fois  plus  de  mesures  de  rapport  signal 
sur  bruit  b  fois  inferieur  pendant  le  mSme  temps.  Un  traitcment  incoberent  des 
mesures  donnera. done  une  perte  de  sensibiliU  identique  k  celle  observde  en 
detection,  le  taux  de  fausse  alarme  dtant  remplacd  par  un  parambtre  lid  aii  seuil 
de  quality  de  goniomdtrie. 

.3.1..3.  Lea  nouvelles  teehnioues  de  goninmdtrie 

Depuis  maintenant  une  trentaine  d'anndcs,  le  traitcment  d'antenne  s’est 
considdrablement  ddveloppd.  Des  mdthodes  de  detection  basdes  sur  I'utilisation 
des  fonctions  d’intercorrdlations  entre  capteurs  ont  dtd  mises  au  point  Dans  le 
cas  particulier  ob  on  ne  considdre  que  deux  capteurs,  les  mdthodes  prdconisdes 
correspondant  exactement  aux  techniques  utilisdes  dans  les  goniomdtres 
classiques.  Par  exemple,  le  traitcment  de  signal  eflectud  par  un  goniomdtre 
interferomdtrique  k  ligne  h  retard  variable  rdaiise  strictement  la  diagonalisation 
rdcursive^  d’une  matnee  interspectrale  de  dimension  deux.  Les  traitements 
d'antenne  sont  done  le  prolongement  naturel  des  techniques  de  goniomdtric. 


3.2.  Le  traitcment  d’antenne 

La  thdorie  gdndrale  du  traitcment  d'antenne  permet  do  ddterminer  la  directions 
des  sources  prdsentes  et  d'estimer  leurs  puissances,  &  partir  dcs  signaux  regus 
sur  im  rdseau  do  capteurs  de  gdomdtiio  quelconquc,  sous  rdservo  que  le  moddle 
de  propagation  des  ondcs  soitconnu. 

Elle  permet  done  de  faire  en  une  seule  opdration,  la  ddtection  et  la  localisation 
des  dmetteurs  radio-dlectriques. 

En  g^ndral,  les  mdvhodes  ddvcloppdes  no  s’appliauent  qu’aux  signaux  k  bande 
dtroite,  e'est  h  dire  tcls  que  pour  une  source  oonnde,  les  d^phasages  entre 
capteurs  soient  pratiquement  independents  de  la  frequence,  co  (mi  s’cxprime  de 
la  fa9on  suivante,  si  L  est  la  longueur  du  niscau  d'anteimcs,  B  la  bande  dcs 
signaux  traites  et  C  la  vitesse  de  la  lumiere : 

L  X  B  «  C 

Cette  condition  sera  cn  general  rcspccteo  par  les  rescaux  d’antennes  et  lea 
theories  supposant  les  signaux  k  bande  etroito  pourront  dtre  utilisecs,  cn 
particulier  les  algorithmes  de  haute  resolution. 
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3.2.1.  Ijs  haute  rfioiution 

Sous  1^  r<aerves  pr£c^ente>,  ;Ie»  traitemeote  haute  resolution  classiques  sont 
p^aitement  adaptea  &  la  detection  et  it  la  localisation  de  signaux  it  bande  large. 
Toutefoiii  dans  le  cas  oil  lea  dimenaiona'du  rdseau  d'antenne  le  necessitecaient,  ii- 
existe-des  methodea  haute  resolution  en  large' baiide,  certes  plus  complexes'it 
mettre  en  oeuvre,  rnaie  d'un  emploi  pazfaitement  envis^eable  (1). 

Sous  reserve,  que  le  temps  d'observation  soil  suiHsant;  ces  methodes  ne  sont 
limitees  que  par  le  nombre  de  .  sources  nresentes  simultanement-  Si  N  est  le 
nombre  de  rerapteura.'les  algorithinea  de  haute  resolution  ne  fonctionnent  que  si 
le  noinbre  de  sources  eat  au  plus  N  - 1. 

De  plus.-le  pouvoir  separateur  angulaire  decroit  trbs  vito  lorsque  le  nombre  de 
sources  augments  ou  lorsque  leurs  puissances  sont  tiis  differentes. 

A  I'origine,  la  traitement  adaptatif  a  ete  invente  dans  le  but  de  maximiser  le 
rapport  signal  sur  bruit  it  I’entree  d'un  recepteur.  11  est  trbs  vite  apparu  que  ce 
pro^de  etait  adapte  A  la  detection  et  A  la  localisation  de  sources  acoustiqucs 
sous-marines. 

Comma  les  methodes  haute  resolution,  ces  techniques  sont  applicablcs  A  la 
goniometrie  de  simaux  A  bande  large,  les' limitations  etant  sensiblcment  los 
mAmes  que  celles  des  methodes  A  haute  resolution. 

3.2.3.  Le.traitement  dessignaux  recus  sutdes  antennes  lacunaires 

Dans  la  mesure  oA  un  nombre  limite.de  sources -large  bande  sont  presentes 
simultanement,  il  est  passible  d’imaginer  des  dispositions  optimales  de  capteurs 
perroettant,  pour  -  uno  complexite  do  ealcul-  fixee,  d'ameliorer  la  resolution 
ai^laire.  La  technique  de  ce  type  la  plus  simple  est  la  goniometrie  par 
difference  de  temps  d'arrivee  qui  est  j^rticuliArcment  bien  adaptee  A  la 
localisation  des  signaux  A  large  bande. 


3.3.  Les  eGTets  de  la  propagation 

Les. perturbations  introduites  par  la.propagation  jouent  un  role  fdndamcntal  en 
metre  eiectronique.  Ce  sont  elles  quI  le  plus  souvent  limitent  les  perfermances 
des  systAmes  de  localisation: 

Lorsque  la  propagation  a  lieu  en  espaco  libre,  il  suflit  que  la  puissance  rc(uo  par 
chacun  des  rdeepteurs  do  la  chaine  de  goniomAtres  soit  supArieuro  A  un  seuil. 

Dans  la  cas  gAnAral,  des  multitrajets  existent.  Leur  effet  est  trAs  variable  selon  la 
valeur  du  retard  r  enlra  les  deux  signaux  et  les  systAmes  considArAs. 
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3.3.1.  IUcept«urs  et  goniom^tres  classiques  -  Signaux  ft  bande  fttroite 

Dfts  qua  la  retard  antra  la  trftjat  la  plus  court  at  las  autres  trqjeta  deviant  sensible 
rapport  ft  la  pdriode  de  la  frequence  porteuse,  des  interferences  apparaissent: 
Si,'  comme  cela  arrive  souvent,  1^  retards  difftrentieit  entre  trtqets  atteignent 
plusieurs.dizaines  de  periodas.de  Vends  transmise,  Vamplitude.observee  sera 
perturbee  et  patfois  trfts  inferiaura  ft  ceile  lide  au  seul  trqiet  principal.  Cad  limite 
la  sensibiliU  pratique  des  diaines  de  radio-goidometrie. 

La  combirraison  d'ondes  de  directions  diiTerantas  a  de  plus  pour  effet  de  defenner 
localementle  front  d'onde  ee  qui  implique  des  erreurs  de  goruometrie  qull  n’est 
pas  possible  de  corriger,  las  antennea  ayant'.une  resolution  angulaire 
insumsantes  pour  reparer  les  signaux  des  dilferents  trqjets. 

3.3.2.  Recepteufs  et  goniometres  classioues  -  Signaux  ft  bande  large 

Les  perfomances  de  ces  equipementa  vont  tester  aiudogues  ft  celles  obtenues  sur 
les  si^ux  ft  bande  etroite  tant  que  Br  « 1,  B  etant  la  bande  du  signal  et  t  le 
retard  dilVerentiel  entre  lea  treats. 

Lorsquo  Br  est.voisin  de  1,  les  erreurs  de.goniometrie  vont  avoir  tendance  ft 
diniinuer.  Les  signaux  correspondants  aux  trq.iets  multiples  commencent  ft  se 
decorreler  par  rapport  au  trqjet  principal.  Les  mesures  d’angle  ou  de  retard  entre 
ideepteurs  prdsenteront  un  bruit  auperieur  ft  celui  qui  aurait  existft  satrs  trajets 
multiples,  mais  il  n’y  aura  plus  de  biais. 

Lorsque  Br  »  1, 1’etTet  des  multitrsjets  devient  n^gligeable,  leur  contribution  ft 
la  puissance  de  bruit  diminuant  avec  le  taux  d'fttalement. 

3.3.3.  Les  mftthodes  modemes :  le  traitement  d’antenne 

Les  tliftories  modemes  du  traitement  de  signal  raettent  en  oeuvre  des 
algorithmes  souvent -assez  complexes.  Toutefois,  le  calcul  proprement  dit 
commence  toqjours  parle'calcul  d'autocorrftlations  ou  d’intercorrftlations  entre 
signaux  refus  par  les  dilTdrents  capteurs. 

Ceci  permet  d'elTectuer  en  tete  une  reduction  considerable  des  donndes,  les  temps 
d’integration  maximum  n’fttant  limites  que  par  stationnaritft  gdograpbique  des 
dbles.  De  plus,  ft  la  seule  condition  que  le  nombre  de  capteurs  soit  superieur  au 
nombre  de  cibles  prdsentes,  elles  permettent  de  localiser  simultanemcnt  toutes 
les  cibles,  mftmo  si  leur  spectre  de  puissance  sent  identiques.  Ces  niftthodes  sont 
done  particuliftrement  adantdes  ft  la  localisation  des  dmetteurs  ft  bande  lai^e.  B 
faut  noter  cependant  que  les  trajets  multiples,  dans  la  mesure  oil  le  produit  Br 
'est  supdrieur  ft  1"  correspondront  ft  des  sources  suppldmentaires. 

Les  traitements  adaptatifs,  en  sdparant  les  signaux  issus  des  diiVdrcntes  sources 
devraient  permettre  d’identifier  les  trajets  multiples  par  estimation  des  retards 
entre  les  difTdrentes  voies  de  rdeeption,  et  d’dliminer  les  sources  parasites. 

Tons  ces  traitements  pouvent  dtre  effectuds  sur  des  ontennes  lacunaires  de 
gdomdtrie  optimisde. 
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Ces  nouvelles  m^thodes  de  traitement  de  signal  peuvent  done  appoTter.beaucoup 
-  en  guerre  dlectronique.  Elies  sont  particuli^rement  adapUes  h  la  localisation  des 
dmission  &'^nde  large;  que  ce  soit  des  ^missions.^  saut  de  frd^ence  ou  des> 
Emissions  £tal4es  par.codageven  presence  de  t^ets  multides.'EUes  ne  sont 
mises  en  ^ec  que  par  les  signaux  &  bands  itroite  tels  que  Bt  <  1,  B  £tant  la 
bande  de  frd^uence  dmise  et  t  le  retard  diffdrentiel  maximum' entre*  les 
principaux  trajets  multiples. 


IV.LEBROUILLAGE 


La  resistance  au  btouillage  est  la  caraetdristique  la  plus  souvent  avancee,- pour 
justifier  I’adoption  de  systbmes  de  transmissions  it  bande  la^e.  Nous  aliens 
examiner  successivement  leur  resistance  au  brouillage  involontaire  par  les,autres 
emissions  et  au  brouillage  volontaire  seiectif  ou  non. 


4,1,  Le  brouillage  involontaire 

L’encombrement  de  plus  en  plus  eievd  du  spectre  radio-electriq'ue  rend  de  plus  en 
plus  difficile  le“  developpement  de  systbmes  de  communications.  La  protection 
centre  les  defauts  de  propagation,  la  correction  des  erreurs  aleatoires,  I’acces 
multiple  aux  canaux  de  transmission  impose  un  eiargissement  du  spectre  dmis 
qui  est  loin  d’dtre  ndgligeable.  L’intrdduction -  de  la  technique  de  -saut’  de 
frdquence.’en  rendant  aldatoire  I'apparition  de  brouilleurs  de  fort  niveau  permet 
d’uniformiser  la  qualitd  de  service  offerte  aux  diifdrents  utilisateurs  et  amdliore 
les  performances  globales  des  rdseaux  radio-mobiles.  Lorsque  I’cmploi  des 
frequences  par  les  diffdrents  utilisateurs  n’est  pas  coordonnd,  la  probabilitd  de 
collision  est  plus  dievde  et  I’auto-brouillage  au^ente.  Toutefois  ceci  peut  6tre 
acceptd  dans  les  systdmes  militaires.  Les  signaux  h  bande  largo  obtenus  par 
codage  coexistent  beaucoup  plus  difficilement  entre  cux  et  avec  les  emissions 
classiques. 


4.1.1;) _ 

Batiadaga 


L’orthogonalite  des  codes  d’etalement  ne-pouvant  dtre  obtenue  pour  tons  les 
decalages  temporels,  les  signaux  des  differentes  liaisons  se  comporteront  d’une 
fa;on  analogue  b  un  bruit  blanc  additif.  Le  ddsetalement  procurera  un  gain  en 
rapport  signal  sur  bruit  b,  b  etant  le  taux  d’etalement.  11  en  rdsulte  que  les 
systeme  sera  bien  plus  sensible  au  brouillage  par  emetteur  proche  qu'un  systbme 
classique  qui  admet  couramment  une  protection  de  80  decibels  sur  les  frequences 
proches,  b  rexclusion  des  deux  canaux  adjacents. 


4.1.2.: 


Comme  dans  le  cas  precedent,  souls  les  systtmes  b  etalement  de  spectre  par 
codage  sont  sensiblcs  b  cette  forme  de  brouiUage.  Les  signaux  b  bande  etroite,  ou 
mbine  les  porteuses  pures,  contenus  dans  la  bande  d’etalcment  seront  trbs 
perturbants.  Ils  ne  seront  eiiinines  que  d’un  facteur  b,  b  moins  qu’ils  n’aient  pu 
etre  filtres  avant  desetalcmont  au  prix  d’une  distorsion  du  signal  utile. 


MO 


4JI.  Le  bronillage  volontaire . 

Ce  type  de  contre-mesure  ilectronique  est  celui  auquel  on  pense  quand  on  parle 
de  brouillage  dcs  syatbraes.militaire3.,Nou8'allon3  distin^er  deux  classes  de 
brouilla^s  qui  se  diifdiencient  par  leurs  objectifs ;  le  brouulage  de  barrage  et  le 
brouillage  intelligent.' 

Ce  brouillage  vise  &  interdiro  toute  communication  dans  une  zone  donn^e  et  une 
bande  de  ftiquence  choisie.  Pour  atteindre  cet  objectif,  il  suiEt  d'dmettre  un  bruit 
sufBsant  pour  perturber  lea  r^cepteura  situds  dans  la  zone  choisie.  Cette  forme  de 
brouillage  est  strictement  aussi  efEcace  centre  tous  lea  types  de  transmission, 
qu’elle  soit  A  bande  dtroite  ou  A  bande  large. 

Une  Idgbre  amelioration  de  refEcadte  de  brouillage  peut  -  gtre  obfenue  en 
concenti^t  I’eneigie  dmise  sur  une  partie  de  la  bande  ou  dans  une  pdriode  de 
temps  bien  choisies  en  fonction  des  caracteristiques  du  systbme  A  brouitler. 

4.2.2.  Le  brouillage  intelligent 

Le  brouillage  intelligent  se  fixe  deux  objectifs  }  ne  brouiller  que  les  emissions 
ennemies  et  augmenter  I'efiicacite  de  la  puissance  de  brouillage.  n  suppose  done 
une  bonne  connaissance  du  signal  A  perturber  et  son  interception  prealable. 

Un  brouilleur  intelligent  doit  done  trier  les  signaux  interceptes,  choisir  parmi 
ceux-d  les  emissions  eimemies  les  plus  importantes,  estimer  la  probabilite  qu’il 
parviemie  d  brouiller  les  recepteurs  amrouels  elles  sent  destinees  et  enfin 
emettre  les  signaux  de  brouillage  les  plus  efficaces. 

Si.cette  strategie  etait  realiste  sur  des  signaux  A  bande  etroite,  emis  sur  des 
frequences  fixees,  elle  est  de  plus  en  plus  difficile  &  mettre  en  oeuvre  centre  les 
liaisons  protegees. 

La  durde  des  paliers  des  liaisons  A  saut  de  frequence  est  plus  courts  quo  les 
.temps  de  reaction  des  brouilleurs  et  pourrait  descendre  jusqu’ii  une  valeur  telle 
que  la  difference  de  temps  de  propa^tion  entre  la  liaison  directe  et  le  chemin 
passant  par  le  brouilleur  mterdise  ii  celui-d  toute  possibilite  d’intervention.  Face 
aux  systemes  A  etalemcnt  de  spectre  par  codage,  if  semble  impossible  de  rdaliser 
im  brouilleur  plus  cfficace  quo  le  bruit,  mSme  en  sacrifiont  la  protection  des 
signaux  amis,  un  brouillage  rdpeteur  ne  parvenant  memo  pas  d  reemettre  fi 
temps  le  signal  intercepte. 

Les  systemes  de  telecommunications  e  bande  large  sont  done  particulierement 
efficaces  centre  le  brouillage  intelligent. 


V,  CONCLUSION 


Ce  tour  d’horizon  des  probiemes  lies  A  la  guerre  electronique  montre  A  I’evidenco 
qu’il  n’y  a  pas  de  technique  presentant  simultanement  les  meilleures 
perfonnances  face  &  teutes  les  menaces. 


Si  les  transmissions  ii  bande  large  sont  plus  diffidles  b  interccpter,  il  n'est  pas 
sfir  que  leur  moins  grande  sensibllitd  aux  ddfauts  de  propagation  ne  permcttent  b 
terme  des  precisions  de  localisation  des  dmetteurs  bien  supdrieures  k  ce  qu’elles 
sont  aqjourd’hui,  grdce  b  I’emploi  des  mdthodes  de  traitement  de  signal 
modemes. 

Entin,  leur  insensibilitd  au  brouillage  intelligent  est  payde  par  un  niveau 
d’autobrouillage  maximum,  incompatible  avec  une  utilisation  intensive  des 
bandes  de  irdquencc  radio-dlectrique. 

Ces  conclusions  gdndrales  ne  doivent  pas  dtre  appliqudes  sans  discemement  b 
tous  les  systbmes.  Selon  leurs  conditions  d'empioi,  les  difTdrents  avantages  ct 
inconvdnients  doivent  dtre  ponddrds.  C’est  aux  rcsponsables  opdrationncls  de  dire 
in  Une  quel  eat  leur  choix. 
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SYSTEMES  ADAPTATIFS  URGE  BANDE 
WIDEBAND  ADAPTATIVE  SYSTEMS 

P.  FUERXER*  D  R.E,T,  D^Ugation  Ginirate  ^  I'Annement 
C.  GOUTELARDt  L.B.T.T.I.  Univeni(6  Paris^Sud 


i.jm:RQDUCIIQN,.: 

L'adaptaiiviti  ai  un  phinomine  natutel  qui  assure  la  ri^^^don  des  Evolutions.  Elle  est  utiltsEe  dans  les 
techniques  de  traitement  de  signal  oi^  elle  trouve  des  applications  dans  les  domaines  les  plus  vanis  : 
propagations  Elecuomagndtique  ou  acoustique,  gdopl^sique  interne  ou  exteme,  analyses  niddicales, 
traitement  des  images  et  des  sons... 

On  examine  dans  cet  exposE  diffErentes  techniques  utiiisEes  puis  on  compare  leurs  performances.  Le 
traitement  des  signaux  large  bande  est  cxamlnE  par  comparaison  avec  le  traitement  des  signaux  ik  bande 
Eirolte.  n  en  ressort  un  catalogue  des  p'oblEmes  rencontrEs  et  de  leurs  solutioiiS. 

L’influcnce  de  la  propagation  est  discutEe  dans  une  demiEre  Etape  au  cours  de  laquelle  une  conclusion  est 
appoitEe. 

H.  rJEQRMUUTIQN  GENERALS  r 

Us  systEmcs  adaptatifs  peuvent,  en  traitement  du  si^al  propre  aux  problEmes  de  propagation,  Etre  classEs 
en  trois  grandes  catEgories. 

•  L'analyse  de  signaux  re;us  dont  le  formalisme  de  Fourier  n*est  qu*un  des  aspects  simples,  et 
bien  connu. 

•  L'adaptation  d'une  rEeeption  k  ua  signal  temporel  connu  qui  est  utilisEe  pour  Evaluer  U 
fonction  de  transfer!  d*un  canal  dont  on  veut  Mftiger  les  dEfauts. 
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.  L’adaptatioa  d’un  syiihmc  d«  capteurs  constituant  une  antenne  un  en>dronnem£nt  en  vue  de 
I’analyser  ou  pour  assurer  une  rieeption  optimale. 

Ces  irois  aspects  peuvent  £(re  ^thftis^  dans  un  mime  formalisme  qui  permet  de  les  trailer  par  des 
mithodes  identiques,  et  d*en  faire  uoe  synthise.  Le  problime  des  antennes  adaptatives  apparait  comme  le 
plus  complet  car  il  introdult,  par  rapport  aux  autres,  une  dimension  supplimentaire :  t’espace.  Une  notion 
ginirale  apparait  par  Tutilisatlon  (Tun  ricepteur  k  N  entries  comme  Tavait,  dis  1963,  imroduite  H. 
MERMOZ  (1].  Cest  done  par  les  antennes  adaptatives  qu'a  iii  abordie  cene  itude. 


On  considire  un  ensemble  Hm  de  P  sources  et  un  ensemble  de  N*  capteurs  constituant  I’antenne 
d'un  ricepteur  k  N  entries. 

Soit  Sp(t)  la  forme  analytique  du  signal  de  la  p  time  source  observie  en  un  point  Op.  qui  peut 
itre  le  point  d'imission,  et  b„p(t)  la  riponse  impulsionnelle  du  canal  entre  Op  et  le  capteur  n. 
Alors  le  signal  r|^(t)  dilivri  par  le  capteur  n  s'exprinie  par 

r.<t)  -  I  h^(t)  *  +  b,(t) 

(1) 

oCi 

^(0  *  ^(0  rintigralc  de  convolution  de  x  avec  y 
b,)(t)  est  le  bruit  propre  au  capteur  n. 

Soient  Rn(f),  Hj,p(0.  Sp<0  et  B^(0  les  iraasfoimdcs  de  Fourier  respeciivcmcnl  de  rQ(l),  hj,p(t), 
Sp(l)«<t>n(!).  alors 

-  Z  H^(t)  s,{f)  +  B„(f)  (2) 

Si  on  pose 

*np^*^  "  ^np^*J  *  *p(0 
alors 

P 


(3) 
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Si  on  fait  l'h^thi$c  dc  I’ind^pcndance  dcs  signaux  s^pft)  ct  d«  bnjits  b„(t).  alors  I'cnscmbJc 
{Snp^O*  constiiue  one  base  <respace  vectoricl  6, 1’ensemble  dcs  signaux  re^us  peut  ilte 
'  repr^sentd  par  on  vectcur : 

B(0-H(0S(0+B(0 

OD 

B’^(0-lRi(0.R2(0-Ri.(f)) 

5’'(0  -  IS,(0.S2{0— Sp(0) 


rH,(f)  lla(t) 

...  v'>i  _ 

'HjfO  ■ 

L««(Y)  w«<y> 

...  V'>  J 

Hjff) 

.  Bl(f)  . 

(5) 


X  exprimcunvecieurde  respace 'cctorie! 
esprimelauansposiedelamatriceA 

Les  pararailres  Hnp(0  sons  les  fonctions  de  ttacsfeit  du  canal  lianl  Op  an  capleur  n 
Un(0  «<  R  vecteut  des  fonnions  de  uansfett  du  capieur  n  aux  points  Op 
!jp(0  appeli  vecteur  de  direction  de  la  source  p,  est  le  vecteur  des 
fonctions  de  translert  du  point  Op  am  dilKrents  capieurs. 

Si  I'on  forme  le  signal  y(i)  (figure  I)  par  la  somme  ponddrde  de  signaux  issus  dcs  eapteurs 

y(i)-af^E 

oG  ■  (Wj^,  Wj  Wyl.  il  deviem  possible  de  balayer  lout  Vcspacc  vectoricl  par  variation  des 
coefficients 

Si  Y(f)  cst  ia  transformie  de  Fourier  de  y(i).  alors 

y(o-j^b(o 

et  d'apris  (4) 

Y(o-^H(os(o+af  B(o  (*) 

or 


WY  H(0  >•  lAj.  Aj.  _  Ap.  _  Apl  -  H^s 


(9) 


! 


ct<r2prb(S) 

Ap  -  Wj  Hjp  ♦  Wj  Hap  ♦  -  +  H„p  (10) 

Si  00  veut  ne  reccvcir  qu’une  stu3e  source.  s^Ct).  ii  quo : 

iJ^g  “  (Ai  *  I.Aj  •O—Ap  *•  0«Ap  «  0) 

Oo  <k>it  done  risoudre  uo  syuime  Uo^aire  de  P  Equations  k  N  iMoanues. 

-  St  P  •  N.  le  systime  cst  ferm^  ta  sotuttoo  cst  unique  et 

(11) 

Tous  Ics  coeffidents  sont  d^tenoin^ 

-  Si  P  <  N,  le  ^(ime  eit  ind^termiof  et  on  peut  imposer  N>P  coouaintes. 

•  Si  P  >  N  le  ^time  est.  en  g^n^ial.  Incompatible. 


Soil  E  fcspace  vectoHel  d^iial  pir  une  base  de  sipuux  et  r  fapplicatlon  de  E  x  £  dans  C 
dHInie  par 

r(r,  r,)  -  r,  r,*  dt  (12) 

Cene  application  est  unc  forme  sesqutKo^aire  henniliennc 
oil  r*  denote  le  conjugu^  de  r. 

UeodomorphUme 

R')  “Rffi)  f  1  ♦Rf  'i)  •  'j  ♦  -R'.  f)i)  'll 
est  d^Htd  par  la  matrice  r : 
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r(ri  ^i)  r(ri  r,>  ....  r(r,r,) 
r(r,  r,)  r(r,  r,)  ....r(r,  r,) 

CeUe  matrice  est  done  herautienne,  d^Hnie  positive  et  dIagonaUuble. 

Sci  coefficients  mesureni  Tiner^e  mutuelle  entre  les  diffirents  signaux  capt£s. 
n  existe  done  une  base  de  vecteurs  (r*Q(t))  pour  laquetle  ta  mairice  est  diagonale.  Ces  vecteurs 
sont  obtenus  par  la  ponddration  des  vecteurs  r||{t) : 

r;  -  \  H„  r.  (14) 

■tl 

ob  r*Q  est  done  un  vecteur  propre  de  t'endomotphisme 

r(r'.)  -  X.  rV  <I5> 

et  rendomorphlsme  s'dcrit  alors : 

X''(t<)  -  A  JR' 

oCi 

P'(r')  -  (r'(r',),  r'<r',)  ...  r'(r',)) 

A  -  D  i  »  g  (  l,  ,  1,  .  .  .  X,  ) 

R/'  -  (r'„  r'j  ...r',) 

est  la  puissance  du  signal  propre  r*^. 

On  peut  done  synthitiscr  les  signaux  propres  qui  sent  les  signaux  orthogonaux  presents  dans 
I’espace  et  U  existe  une  ntatrice  de  passage  de  la  base  (r„)  h  la  base  (r’^) 


} 


E  “WE 

Oil 


(16) 


-w,  Wn  •••  Wk' 

- 1 

W«  “ 

«M  Wu  •••  Wn»' 

Vl 

— 1 
•>* 
_ 1 

Vq  d^umssani  !e  n  time  vecteur  propre. 

Si  Tq  *  r^(t)  est  appelie  mairice  de  covariance. 

La  forme : 

E  (R,(f)  R*(«) 

oCi  E{X}  dicote  i’espirance  matbimatique  de  X,  est  sesquiliniaire  hcrmitienne  et  la  matrice  T, 
appelie  matrice  interspectrale  s’icrit  : 

(17) 

[E{R,<f)R*(«l  E(R.<f)R*(f)>...  E(R,(OR*(f>)  1 

i 

so!;  encore 

r(0-E(R(OR»(0)  (18) 

oCi  R1*(0  disigne  la  matrice  transposie  conjugu6e  de  R(0 
Y (0  appelie  matrice  interspectrale. 

Si  on  admet  I'indipendance  de$  signaux  et  des  bruits  alors,  d’apris  (2) : 


iT(o-H(ors(OH»(o+rB(o 

(W) 

rs(0  •  E(S(f)S"(i))  tnairice  P  x  P 

TbW  ■  E{B(OB’’(0}  rajirice  Nx  N 

(20) 
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Si  les  sources  soot  d<£corr^I£o$,  r$(0  une  matrice.diagoo&le,  si  elles  sont  partiellement 
corrdMcs,  elle  esi  hemutieone  et  si  tes  captmts  sdnt  alignis;  6qutdistants  et  si  les  fronts  d'ondes 
soot  plans  elle  est  Toeplitz. 

La  matrix  rs(0  hermitiennc  est  de  rang  P. 

Les  bruits  £unt  supposes  dieorrd!^  et  gau$slen$»  0  sont  statisiiquement  difinis  par  leurs 
moments  d'ordre  I  et  Z  SI  c*  est  leur  variance  alors : 

TbCO  ■  o*  I  (21) 

oii  I  est  la  matrice  ideotiti. 

II  s'ensuit  que  F  itaot  hermltienne,  elle  posside  N  valeurs  propres  rielles,  positives  ou  nulles 
qu’on  peut  noier  par  ordre  dicroissant 

)ii(0>X2(0~  >XN(0i« 

auxquels  on  peut  assoder  les  N  vecteurs  propres  V)(0  ~  MiqCO' 

Ces  vecteurs  difinissent,  on  I'a  vu,  une  base  orthogonale  de  I’espace  vectoriel. 

'H({)  r5(0  H^(0  construite  k  partir  de  P  signaux  est  de  rang  P 
EUe  posside  done  P  valeurs  propres  positives  et  N  •  P  valeurs  propres  nulles 
u  i(0  i  i‘2V)  MpW  i  /‘pt  i(0  •  -  onW  ■  0 

auxquelles  on  associe  N  vecteurs  propres 

ai(o.y2(o~y„(o~.yN(o 

leU  que 

(yn(0)  pour  n  <  P  +  1  sont  iWfinis  pat  les  P  sources 

{y„(f))  difinissem  le  sous  espace  eompUmemaire  du  pricidem.  11s  sont  done  difinis  k 
une  notation  pris. 

Alors  pour  tout  vecteur  propre 

H(0  rs(0  H«(0  Un  -  pn(()  Sln(0  -  lr(0  •  FbW)  U„<0  (22) 

done,  compte  tenu  de  (21) : 

r(011o(0-lMn(0  +  o'liIn(0  (23) 

Cette  expression  montre  que  r(f)  a  les  mimes  vecteurs  propres  que  TgCO  et  que  I'espace 
vectoriel  peut  itre  scindi  en  deux  sous  espaces  complimentaires. 

-  Le  premier  appeli  sous  espace  signal  difini  par  les  P  premiers  vecteurs  propres  et  valeurs 
propres  tels  que 


(24) 


Xn(0  +  o* 
yn(0-lin(0-i!s<.(0.’ 

oi^  ^q(0  >  0  et  oQ  les  vecteurs  V^CO  forment  une  biic  onhogortale. 

•  Le  second  appel^  sous  espace  bruit  d^fir^  par  tes  N  •  P  dcmiers  vecteurs  propres  et  vaieurs 
propres  teU  que 

i!„(0-lJa(0-l!Ba(0  («) 

ob  n  <  {P-f  1 ...  N}  ei  ob  les  vecteurs  ^(0  ferment  une  base  ortbonormfe  de  ce  sous  espace 
orthogonal  au  prdcident. 

n  est  df  Hnl  par  les  plus  petites  valeurs  pr<^re$  identiques  de  r(0  et  vdnfient  la  relation : 

V(0Vs„(0-0  V„.{1_P)  (26) 

0E>  yB’'(0  ”  lVp+ 1(0.  Vp+2(0  -  V„(0) 

L’estimation  de  la  matrlce  interspectrale  est  un  problime  majeur  qui  sera  disevtd  par  la  suite. 
De  ces  estimations  dependent  la  qualit6  des  traltements  effectufs,  et  dans  les  probiimes  qui  se 
ratiachent  aux  propagations  I'innuence  du  canal  devient  souvent  prddominante. 

Les  traltements  d'antennes  se  ciassent  en  deux  grandes  categories : 

St  Tobjcctif  visd  est  d’amiliorer  la  qualitd  de  la  reception,  on  effectue  un  traitement  en  vue 
d'extraire  de  i’ensemble  des  P  sources  un  si^I  particuiier,  par  exemple  comme  on  I’a  vu»  le 
signal  1.  Dans  ce  cas  on  balaye,  h  Paide  des  coefOcients  Wn  (figure  1),  Pespace  source  pour 
sdlectionner  le  vecteur  propre  On  effectue  alors  un  filtrage  spatial  comparable  au  filirage 
frdquentlel  mats  tris  different  dans  ses  r^ltats  puisqu'tl  devient  possible  de  sf parer  des  signaux 
de  mime  frequence.  Ce  risultat  est  obtenu  en  criant  simplement  des  ziros  dans  le  diagramme 
de  rayonnement  pour  les  directions  d'arrh^es  des  sources  indisirables. 

Si  Pobjeciif  est  d’obtenir  des  informations  sur  les  sources,  lelles  que  Icur  puissance  leur  nombre, 
leur  direction  d'arrivie.  lorsqu’elles  sont  dinnissables,  on  realise  une  operation  plus  prdetse 
appelie  imagerie.  Le  cas  le  plus  friquem  consiste  &  ddterminer  la  direction  d’arrivde  des  ondes 
en  supposant  que  le  front  d’onde  est  localement  plan.  Cette  hypoihise  suppose  dans  le  cas  le 
plus  simple,  que  les  sources  sont  ponctuelles  et  dloigndes  de  Pantenne. 

Dans  ces  conditions,  si  Pon  choisit  les  points  Op  en  O  situd  au  voisindge  immddiat  de  Pantenne  • 
on  prendra  cn  gdndral  un  capteur  de  Pantenne  •  en  exprimant : 

*p(0  ■  Sp(t)  oi  Sp(t)  est  Pcnveloppe  complexe 


(27) 


alors  le  signal  jc^  par  le  capteur  a  peut  itre  expnmer  par : 

^(0-Sp(t.r'„p)ei*«(«-V  (2«) 

0&  fjtp  et  r  sont  respecUveinect  !es  tetaps  de  pbas«  es  de  sroupe  dc  I’onde  p  «otre  Op  et  le 
capteur  n. 

Si  le  milieu  eat  localcment  noa  dUpenif*  setcc  les  hypothiaes  pr£cideaies,  en  dwbsaat  un 
-  rc  ptre  carU^ca  cnbox^'S'^  ((^  ^  e:  ea  le  a t  cteur  tf  cade  de  Foade  p. 

1^1  -f 

^  -f  Z{{U^levecteurdep9^a'ondu<rapteurDrep£rdparacacoordonnieayQ, 

y^,  dans  le  repire  choiti,  alors : 

Wo^np  “  '^p^a 

*np^*^  "  *p^* "  ^np^ 

La  caraa^mtique  de  tranafert  eat  alora  d^nnie : 

•  par  la  riponae  impulaionnelle  ■  j(t  -  r ^p)  ou 

-  par  la  fonciion  de  tranafert  H^p  •  e'i*’np  ■  c'i^^  (29) 

La  mairice  H(0  donnie  par  la  relation  (S)  prertd  alora  une  forme  particuliire  caract^ria^e  par  le 
vecteur  de  direction  dp(0 

dJCf!  -  (o-«\  .■«“>  ... 


(30) 

La  ccnnaiaaance  des  vecteura  de  poaitions  ^  permet  de  diduire  la  direction  d'arriv^e  dca  ondea 
de  r^luation  de  ta  inaliice  interapectrale. 


I 


Les  stgoaiu  dilivris  par  des  capteurs  di$po$£$  sur  unc  drcite  et  de  fa^n  dquidistante  donn«nt  un 
dcbantUloiinage  spatial  des  sl^ux  (figure  2).  La  frequence  spatiale  *  longueur  d’onde  A.*  du 
sigz^  ddumtiilocni  est  li£e  L  U  longueur  d'onde  X  par  la  relation  A«  X/sin  O.- 
AinsL  deux  ondes  de  mSme  frequence  pourront  itre  distingu6es  par  leur  frequence  spatiale  k 
conation  que  leurs  angles  d'arriv^  rt*a!ent  pas  des  sinus  ^gaux.  Si  on  choisit  comme  point  de 
rif^rtflce  la  premiire  antenne  du  r£$eau  ct  dispose  sur  la  droite  du  r^seau.  alors  en  appelant 
la  distance  entre  deux  antennes : 

H.P  - 

(31) 

Si  on  considire  un  signal  temporel.  compost  de  p  signaux  onhogonaux  et  ^chantillonnfs  ^  des 
insunts  (t,  l*Tc,  t*2Tc t  ‘(N-lXTc),  alors  le  n  iime  ichantillon  vaut : 


I 

1 


rft(t) 


2 

9 


8<t-r»Te)  *  s^(t)  +  b^<t) 


et  a  pour  transformie  de  Fourier 

«.<«)  -  2  H,(«)  S,(f)  +  B.(f) 


(32) 


(33) 


avccH„p(0-eB™‘’'‘  (34) 

Les  relations  (32)  (33)  et  (34)  ont  la  mime  forme  que  les  relations  (1),  (2)  et  (31).  Ainsi, 
riebantillonnage  spatial  d'ondes  par  un  riseau  rectiligne  avec  des  capteurs  iquidistants  et 
richantillonnage  temporel  rigulier  conduisent  au  mime  formalistse. 

Uoe  simplification  apparalt  cepcndant  dans  !e  cas  des  signaux  puisque  tous  les  vecteurs 
directionneb  de  la  matrice  H(0  sont  identiques : 


I 


i 

l 


1 

I 


1 

t 

( 


dx(0-d2(0-^.dp(0 

car  Hii(0-Hi2(0-«.Hip(0 


1 
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L’Mlimaiioa  de  R(0  Ml  aion  (aite  sor  t«  ddiamillons  successifs  piiisque 


lUJJMmTlMTE 

Us  mi ihodcs  adaputives  se  lamineat  at«  scMmas  da  la  Oguia  3.  Us  signal  Usus  de  capwars 
(ou  de  ligne  i  retard)  soar  ajmb!n<s  dans  un  filtrc  donl  les  coefficients  soM  aJusiaWes. 

U  signal  de  sortie,  KO'est  alots  eorapard  i  un  signal  de  (£f<tence  -  qui  pent  d'ailleurs  4ire  nul- 
et  un  algorithme  d'adaptation  rend  minintum  la  consigne  £(t). 

11-3  I.  Signal  dertKrtnce 

Si  le  signal  de  riKrence  Ml  conno,  le  ctiiSre  d’adapiativiid  conduit  3  recherclier  le  fillre  qui,  en 
tninimisant  ta  consigne  c(t),  ilimine  les  signaux  ind£sitablcs. 

Ce  principe  est  utilisi  dans  les  modems  atitoadaptatifs  lotsqu'un  signal  tMl  est  4 mis  U  fonction 
de  ttansfert  HrIO  du  fillre  est,  i  une  constante  pris.  I'invetse  de  la  fonction  de  Iransfert  du 

Si  le  signal  de  r«f<rence  est  cclui  fourtii  par  iun  capteur  (une  prise  de  la  ligne  b  retard),  alors  le 
filtre  aura  pour  rdle  de  pr£dire  sa  valeur.  Si  0^(0  et  Ds(0  sont  IM  dcnsiKs  spectrales  dcs 
signaux  d'entrie  et  de  sortie  d'un  fillre  liiniaire  de  fonction  de  ttansfert  Hp(0  alors 
Ds(0  •  |Hr(OP  D(0 

Si  on  impose  D,(0  •  D^.  bruit  Wane,  alors  le  spectre  du  signal  peut  «lte  d£ietmin£  en  ajustant 
les  coefficients  du  fillre  pr4dictif. 

EnCn,  si  le  signal  de  r4Ktence  est  nul,  on  rendra  minimum  le  signal  de  consigne  en  respectant 
eettaines  conttaintes  conune  par  exemple  la  garantie  d’un  gain  d’antcnne  fixe  dans  une 
direction  donnte.  Cette  technique  Mt  uUli$<e  dans  le  cas  oh  Ton  veut  rccevoir  une  onde  donl  la 
direction  d’arrivde  est  connue  4  priori. 


L'avaniage  des  systJmM  adaptatifs  apparait  simple.-nent  4  travers  le  dernier  exemple  cil6.  Dans 
la  formation  de  vole  classique,  pout  tecevoit  une  source  de  frequence  fp  donl  la  direction  Oj 
d’arrMe  Mt  connue,  on  forme  le  diagtamme  poor  obtenit  Y(fo,eo)  maximum  cctie  notation 
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mtroduisant  U  notion  do  direction  d'arrivde  de  t’onde  doni  depend,  pour  un  veaeur  ^  donni,  le 
signal  y(i). 

Si  une  source  parasite  de  frequence  existe  dans  la  direction  la  formation  de  voie  dassique 
n'dvite  pas  que  dans  cette  direction  le  gain  d'antenne  soil  different  de  ziro. 

On  a  vu  que  si  P  <  N  il  <tait  possible  d’lmposer  N  •  P  ccntraintes  au  systime.  On  peut  dans  ces 
conditions  imposer 

V(fp.ep).0 

et  adapter  le  vecteur  }f£((o,  do)  de  fa^n  optimale  en  tenant  compte  de  I'environnemenL 


11.4.  lES  METliQOES  APAPTATIVES 

Les  dtudes  relatives  aux  mithodes  adaptatives  sont  nombreuses  et  il  ne  peut  itre  envisager  de 
tes  analyser  toutes.  Nous  donnerons  simplement  urte  dassincation  de  ces  mithodes  en  signalant 
pour  les  principales,  les  avantages  et  tes  limites. 

Cette  partie  de  I'exposi  repose  sur  le  traitement  d'antenne  pour  lequel  le  problime  esi  plus 
gdn^ral  que  le  traitement  fr^quentieL 

On  peut  classer  les  m^thodes  adaptatives  en  deux  classes : 

•  Les  mdthodes  param^triques,  qui  s'appuient  sur  une  mod^llsaiion  &  priori  du  signal. 

•  Les  mithodes  non  param^triques,  diies  miihodes  d^eoupl^es,  qul  s’appuient  sur  la 
decomposition  en  sous  espace  orthogonaiix  de  la  matrice  interspectrale. 

Les  premieres  assureni,  d’une  fa^n  generate*  une  meilleure  resolution,  mais  sont  sensibles  au 
bruit  qui  introduit  des  incertitudes  et  des  bia^s  dans  les  resu’tats. 

n.4.1  J^ethodcs  oarametriQues 

Ces  methodes  sont  les  plus  ancicnncs,  les  premieres  proposees  eii  1969  par  CAPON  (2)  en 
analyse  spectrale  par  DURG  (3|  (4)  en  analyse  spatiale,  ont  ete  perfectionnees  par  differenis 
auteurs  (S)  (7).  Recemmemnt  MUNIER  et  DEUSLE  (6]  ont  monue  que  ces  methodes 
s’inscrivent  dans  un  concept  plus  general  appeie  FAQI  (Filirage  Adapie  •  Quadration  • 
Integration). 


IW.l.l.Mithodcde  CAPON 


Cette  ro^thode  basic  $ur  la  recherche  du  maximum  du  rapport  signal  ^  bruit  est  aussi  appelie 
miihode  t  maximum  dc  vraisemblance  ct  dinomic  MLM  ou  Ml  (Maximum  Ukehbood 
Method). 

La  puissance  du  ^gnal  y(t)  (figure  1)  est  donnie  d’apris  (12)  par : 

Lorsqu’d  nV  a  pas  de  source  dans  la  direction  d'observation  eo,  la  puissance  re$ue  est  celle  du 
brouillage. 

On  cherche  dans  cette  mithode  &  rcndre  P(f^o^)  minimum  en  imposant  la  contrainte 
V(i,9  ,)  -  ,)  R(f)  .  1 

qui  impose  un  gain  unitaire  dans  la  direction  Go. 

La  risolution  de  ce  problime  qui  peut  itre  faite  par  la  mithode  dcs  multiplicateurs  de 
LAGRANGE  conduit  au  vectcur  optimum : 


U  /f « 1  .  ,) 

'  *'  ^(£,9  o)  r'(f) 

et  I'estimation  spectrale  est  donn^e  par : 
PK(f.9)  •  tEf(«.9!  r'(f)B(f,9)l-‘ 


II.4.L2.  Mithode  de  prediction  lineaire 

Dans  cette  methode  on  effeaue  une  prediction  lineaire  en  prenant  comme  signal  dc  reference 
dans  la  figure  3,  le  signal  rn(t)  issu  d'uii  captcur  de  Vanienne  (ou  rechanldlon  rn(t)  dans  le  cas 
de  Tanalyse  spectrale).  La  valeur  predite  y(t)  *  rn(t)  est  done  comparee  au  signal  r(l).  On 
cherclie  done  h  mlnimiser  c(t)  sous  la  contrainte  que  le  premier  coefficient  du  nitre  (predicteur 
■f  comparateur)  soit  egal  &  •! : 


15f^(f.eo)Uo--' 


zvecVf^  *  [10... 0] 

Le  vecteur  optimal  s'exprime  alors  par 


Wo(f,^) 


r'(f)Uo 


«t  le  spectre  estlm6  est 


u.'r‘(f)u^ 

r'(£)  R(£,9o)l’ 


n.4.13  SysttatsFAQI 

Dans  cette  md  thode,  Y(0  est  mutttpHd  par  un  scataire  complexe  a^g^  de  fa^n  ^  ddterminer 


^^(£,«)  -  E{|a(9)  i(£)|®)-  |a(e)|V'(£,9)  r(£)  w(£,«) 

Le  pnncipe  consiste  loujours  &  balayer  I’espace  ve^oriel  engeodr^  par  les  signaux  captis  pour 
sdlectionner  les  vecteurs  colm^aires  aux  vecteurs  sousrce  et  ^lltrufier  les  autres  composanies. 

Oq  utilise  scion  les  cas,  deux  lots  diff^rentes  pour  ]a(e)i'  qui  apparalt  comme  un  facteui  de 
poodiration. 

Si  en  absence  de  sources,  scul  le  bruit  subsiste  et  on  impose  que  P(f,o)  soit  igal  d  la  puissance  du 
bruit  o' .  Ce  cholx  qui  correspond  <1  une  normalisation  forte  donne 


et  le  spectre  estimi  vaut  alon 


Si  ea  I'absence  de  bruit  ct  en  prince  d*une  seule  source  (s^COl  impose  que  ta  puissance  de 
sortie  soil  celle  de  la  source,  alon 


et  le  spectre  estimi  s'^crit : 

e,  .  r(t)H(t,»> 


Toutes  les  mithodes  globales  se  raminent  aux  systimes  FAQI  et  different  les  unes  des  autres 
par  le  choix  du  vecteur  d'analyse  et  du  type  de  normalisation  choist. 

Le  principe  consiste  &  balayer  Fespace  vectoriel  des  si|naux  capiis  mals  la  maniire  dtffftre  d’une 
mithodeiTautre. 

Les  avantages  offerts  par  ces  m<itbodes  r^*dem  dans  la  complexiii  riduite  des  calculs  et  leur 
bonne  resolution.  Leurs  inconv^nlents  ri^dent  dans  les  impr^cisions  des  rdsultats  qui  dependent 
de  la  puissance  du  bruit  qui  accompagnent  les  signaux.  Les  biais  dependent,  non  seulement  du 
rapport  sigoal/bruii.  mats  aus^  de  la  correlation  paitielle  entre  les  signaux. 

MfihQdcs  d<t9upl^  j 

Ces  m4.hodes  sont  bashes  sur  les  propriiiis  des  ildmenis  propres  de  Is  mairice  interspectrale  ou 
sur  la  separation  des  sous  espaccs  signal  et  bruit.  Les  premiers  travaux  dus  i  W.S.  UGGET  (8) 
et  i  1 1.  MERMOZ  [9]  qui  utilisaient  le  sous  espace  source  pour  la  resolution  du  problime.  Cette 
mdlhode  conduisait  i  des  calcub  importanis  qui  ont  ei6  alleges  par  ruiilisaiion  du  sous  espace 
bruit.  La  methede  la  plus  actuelle  a  ete  intioduite  par  L  KOPF  et  G.  BIENVENG  [10]  cl 
simultanement  par  R.O.  SCHMIDT  [11]  qui  a  donni  des  rdsuUats  gineraux  dans  la  mdthode 
MUSIC  (Multiple  Signal  OassiHcation)  qu*il  a  propose. 

Nous  nc  developperons  que  cette  methode.  en  signalant  cependant  que  d’autres  methodes  sont 
ulilisecs,  comme  la  methodc  de  V.F.  PISARENKO  qui  pcul  eirc  vue  comme  un  cas  particulier 
de  la  methodc  MUSIC,  ou  la  methodc  k  nerme  mimmale  de  R.  KUMARESAN  cl  D.W.  TUFTS 


(13]  qui  ont  ptopoii  une  varianie  asutrant  Mta  fneiileure  protection  vis>i*vis  du  bruit  ou  h 
m^thode  du  propagateur  propo&6e  par  J.  MUNIER  (14]  qui  propose  en  fait  utte  m^thode  de 
ca]cul  di(f  jrente  des  Aliments  de  la  matrice  ioterspectrale. 

li  a  <t£  vu  que  lea  vecteurs  formant  les  bases  de  Tespace  source  et  de  I’espace  bruit  sont 
orthogonaux;  ee  qui  se  traduit  par  la  relation  (2b) 

^Bm(Oys„(0-0 

Ces  sous  espaees  sont  dbtimiids,  on  Ta  vu,  par  les  N  •  P  valeurs  propres  les  plus  faibles  auxquelies 
son:  assodbs  les  vecteurs  du  sous  espace  bruit. 

Si  d(f>d)  est  le  module  normb  du  vecteur  directlonnel  de  Tespace  source,  cnaque  scalaire 
dCf.e)-VBm(0-iICCe)V„{0 

ne{P+  I.«M>  m-n.p 

s’annule  lorsque  d(f.o)  coincide  avec  un  vecteur  directionnel  de  source  d(^(f.e|^). 

La  norme  de  la  projection  du  modile  de  prt^agation  sur  le  sous  espace  bruit  s’annule  done  dans 
ces  conditions,  c’est*a-dire 

<l''<f.9)VB(0VB«<0<l(f.9)-O 

Cette  Equation  posside  done  P  racines  qui  donnent  les  directions  des  sources. 

Dans  cette  modblisation  thforique,  U  est  remaiquable  de  constaier  que  les  risultats  ne  soot  pas 
biaisbs  par  le  bruit  qui  n’interviem  que  dans  ies  impr^cisions  des  rdsuliau.  Comme  dans  un 
grand  nombre  de  ce  type  de  (raitements,  la  qualitb  des  rbsuliats  est  amilior^e  par  une 
observation  plus  longue  des  signaux  et  dans  la  mesure  oil  ils  sent  sufllsamment  stationnaires. 


Outre  les  problimes  classlques  libs  au  fait  que  les  signaux  ne  sont  jamais  identiques  au  modble 
thbonque  adoptb,  modble  thborique  ajustb  pour  permettre  de  mener  avec  une  complexitb  encore 
acceptable  les  calculs,  deux  problbmes  prindpaux  apparaissent  lorsqu’on  iravaille  cn  large 
baode : 

•  Le  premier  a  trait  h  I'existence  de  trajets  multiples  discernables  qui  introduisent  des  sources 
sbparables  spatialement  et  temporellement,  probibme  propre  aux  antennes  adaptatives  et  rbsolu 
dans  les  modems. 
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•  Le  second  a  trait  au  problime  technolopt^e  de  r^ltsation  du  filtre  utilise  dans  les  systimes 
adaptatifs  (figure  3). 

II  est  bon  de  mesurer  les  hypotheses  faites  sur  tes  signaux  dans  les  theories  sur  les  systemes 
adaptaiiCs : 

•  Les  bruits  sortt  supposes  gaussiens  et  centres,  independanis  d'un  capteur  (echantillon)  &  I'autre. 
Les  bruits  sont  done  au  sens  probalistique  decrits  si  on  connalt  leurs  moments  jusqu'4  Tdrdre  2. 

•  Les  signaux  sont  consideres  d'amphtude  complexe  aieatoirc,  dent  chaque  composante  est 
centree,  ou  certains  mats  decorreies. 

•  On  fait  I'hypothese  fondamentale  de  la  stationarhe  et  de  rergod:cite  des  signaux  re^s.  Cette 
hypothise  simplificattice  permet  de  remplacer  les  moyennes  d’ensemble,  au  sens  probalistique, 
par  les  mooyennes  temporelles,  ce  qui  oblige  Tutilisateur  k  decouper  les  signaux  en  intervalles 
suffisamment  courts  ct  k  rcchercher  la  mc^enne  pour  respecter  ceite  condition.  Cette  condition 
est  souveot  InN'aiide,  notamment  en  large  bande  k  cause  des  interferences. 

•  Les  canaux  de  propagation  doivent  pouvoir  itre  decrits  par  leurs  rdponses  impulsionnelles  • 
foQction  de  transfert « supposde  invariame  dans  !e  temps  pendant  une  durde  d'observaiion.  S'tl 
cst  toujours  possible  de  reduire  le  temps  d’obsetvation  pour  que  Thypothhe  de  la  quasi 
stationnaote  soit  valable,  ceia  se  fait  toujours  au  detriment  du  rapport  signal/bruit  et  de  la 
precision  des  estimations. 

Enfin.  notamment  en  imagerie,  il  est  suppose  que  le  front  d'onde  est  definissable,  done  que 
I'antetuie  nc  soit  pas  placec  sur  une  caustique  de  I’onde  et  que,  sans  itre  necessairement  plan,  ce 
front  ait  au  moins  une  forme  connue. 


En  large  bande,  Texistence  de  trajets  multiples  ne  pose  pas  de  probUmes  iheoriques  particuliers. 
Ils  introduisent  plutdt  une  simphncatlon  theorique  par  rapport  k  la  bande  eiroite  dans  la  mesure 
oil  etant  discemables  ils  se  presentent  separement  avec  des  fronts  d’onde  plus  simples.  Si  B  est  la 
largeur  de  bande,  deux  trajets  sont  discemables  si  I'icart  de  leur  temps  de  propagation  est 
sup£ rieur  k  1/B,  sinon  ils  sont  oonsid^ris  comme  un  seul  trajet  k  ^vanouissement  s61ectif. 


1 


1 


LofK^ue  le  filtrage  utilise  eomme  slgrul  de  t^f^renee  une  r^pllque  du  signal  souhaiti,  ces 
m^tbodes  demeurent  utilisables  puis^u'ettes  d^coffilent  les  trajets.  Par  contre,  le  nombre  de 
sources  apparentes  est  lors  muhipli^  par  le  nombre  de  trajets  ei  il  faut  disposer  tTun  nombre 
d’antennessuffisant. 


Si  I'on  reptend  la  condition  de  iUtrage  de  la  relation  (16) 
w’'-Hs’'h-1(0 

H/-(100_0| 

■  (!!i(0d2(0..ip<0di.(0) 

avee 

!lp’'(0-(H,p(0,H2p<0_H„p(01 

et 

H„p(0  *  fonction  de  transfer!  du  canal  entre  Op  et  le  capteur  n 

11  est  Clair  que  les  coefncients  Wn  de  W  doivent  re^cter  les  conditions  sur  une  grande  largeur 
de  bandCp  ce  qui  complique  de  fa^n  considerable  le  lihre. 

On  peut  $e  rendre  compte  aUemcnt  de  cette  difneuUd  t  travers  le  cas  irai(6  au  paragaraphe 
!I.U. 


Si  on  se  place  dans  I'hypoiliise  de  fronts  rTonde  iocalemeni  planSv  dans  un  milieu  localemnet 
non  dispersif  alors,  d’apris  (30) 

d'(t)  . 

ou  encore 

d'(f)  - 

qui  indique  que  les  functions  ^quivalentes  sont  des  fonctions  retard  qui  se  reuouvent  dans  la 
realisation  des  coefficients  Wa 
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Enbandeitroite,^^  P^utit^approchipar  i*)6  r^p  el 

f(£)  -  . 5 

qui  tndique  que  le$  fonctions  ^  ria!iser  sont»  ceite  des  fooctions  d^phasage. 

Iss  traitements  en  large  bande  conduisent  ^  une  modiGcation  de  la  structure  des  filtres 
(figure  4)  qui  doiveot  utiliser  des  ligrtes  d  reta^  “ 


(Mn  -  «n  6**“^*) 


plutdt  que  des  d^phaseurs 


(Wn  •a,  ou  A  n  «  t^> 


Cette  struc'Aire  peut  itre  modifl^e  dans  !es  rialisaiions  pour  s^parer  la  fonction  filirage  spatial 
dc  la  fonction  igalisation  qui  reeonstitue  le  signal  utile  exempt  de  distorsion  (IS). 

II  est  simple  alors  de  voir  que  Ic  signal  ^(t)  au  point  0  s'icrivant  (formule  27) 

S,(t)  -  s,(t)  s’"”' 

Le  signal  re^  par  le  capteur  n  dans  lliypothbse  de  la  bande  dtroite  est : 


Vt)  -  vt)  o 

On  se  trouvc  dans  I’hypothise  dc  la  bande  dtroite  si  Ton  peut  admettre  que  I’cnscloppe 
complexe  ne  subit  pas  de  retard  entre  les  diff6rents  capeurs.  II  faut  done,  si  B  est  la  bande  du 
signal  et  Lla  plus  grande  dimension  de  I'antenne  (T  la  dur^e  du  signal)  que 
BL<  <c 
c :  cdldriti  dc  I’onde. 

Cette  limitation  peut  devenir  ginante  dans  certains  cas 
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111  ■  EFFET  DE  LA  PROPAGATION  SUR  LES^STEMES  APAPTATIFS  . 


Dans  cc  chapUre,  nous  proposons  ^’examiner  dam  quelle  mesure  les  diffdrents  ph^nomines  intervenant 
lors  dc  la  propagatioo  des  ondes  dans  renvironnement  r£el  Ismlteni  les  performances  des  syst^mes 
adaptatib. 

De  fa^on  ^  ne  pas  reprendre  la  discussion  pour  cbaque  algoriihme  d’adaptatlon  possible  et  pour  les 
diffjrents  modes  d’^talement  de  bande,  nous  aliens  nous  limiter  k  cocsid^rer  dans  quelle  mesure  la 
propagation  invalide  les  bypothises  tes  plus  couramment  falies  en  traitement  adaptatif,  tant  dans  les 
modems  que  dans  les  rdseaux  d'antennes. 

Dans  les  modems  adaptatifs,  on  suppose  que  le  milieu  de  transmission  est  assimilable  k  un  fibre  Imdaire 
dont  on  consignera  au  mleux  la  fonction  de  transferi  de  fa^n  k  mimmiser  le  laux  d’erreur  de  la  liaison. 
Ceci  suppose  de  fa^on  implicite  que  le  canal  est  sutionnaire. 

Un  fibre  continuement  variable  au  cours  du  temps,  quelle  que  soit  $a  structure,  n'entre  pas  dans  la  classe 
des  nitres  llo^aires  et  scs  paramitres  ne  pcuvent  itre  identifies  k  I’aide  des  methodes  de  traitement  de 
signal  actuelles. 

Lorsque  Ton  parle  d'antennes  adaptatives  on  suppose  souvent,  de  fa;on  implicite,  Texistence  au  niveau  du 
rdcepteur  d'une  onde  plane  provenant  de  la  source. 

Ce  premier  pas  franchi.  on  associe  alors  aux  ondes  re^m  les  caractires  qui  dicoulent  du  ehoix  de  cette 
representation  simple  et  rassuiante  dc  la  reabte : 

•  Les  directions  d'arrivee  des  ondes  sont  les  directions  des  sources,  aussi  bien  dans  le  cas  du 
signal  iransmis  par  I’emetteur  utile  que  de  ceux  des  autres  emetteurs  que  nous  designerons 
sous  le  terme  generique  de  brouilleurs.  Cette  hypoihese  s'exprime  egalement  en  disant 
qu'il  existe  pour  chaque  source  un  front  d’onde  plan,  le  front  d'onde  etani  dans  ce  cas  une 
surface  iquiphase  passant  par  le  centre  de  I’antenne. 

•  Le  milieu  n’est  pas  dispersif,  les  d^phasages  li^s  k  la  propagation  entie  ies  sources  el  les 
antennes  de  reception  sont  assitnilables  4  des  retards  purs  indipendants  de  la  frequence, 
mime  si,  en  raison  de  trajets  multiples,  il  n’existe  plus  de  front  d’onde  plan. 

•  Le  milieu  est  stationnaire,  Comme  dans  les  modems  adaptatifs,  cette  hypoihise  est 
fondamentale  car  elle  justifie  Tutilisation  de  ftbrages  spaliaux  liniaires. 


Ml 


-  Enfin,  le$  sources  sent  stattoruuures.  Cette  hypoihise  sous*j3cente  permet  de  leur 
attribuer  de  oombreuses  caraetdrUtiques  qui  ne  sent  pas  tcujours  v^riHies  :  puissances 
consiantes,  direction  constante  ou  lout  au  moins  lentement  variable  vis-^^vis  des  temps 
d’adaptation  des  systimes,  indipendance  statistique  cu  au  moins  tntercorrilations 
constantes.  Compte  tenu  des  d^fauu  imroduits  par  ia  propagation,  ces  dilfirentes 
hypotheses  sent  plus  ou  moins  bien  vdrinies.  U  en  risulte  des  limitations  pratiques  aux 
performances  des  systimes  adaptaufe.  Les  risultats  experimentaux  sont  ainsi  bien 
inferieurs  It  ceux  qu’une  etude  theorique  irc^  rapide  pourrait  laisser  esperer. 

Nous  allons  done  passer  en  revue  tous  les  phinomines  qui  interviennent  et  indiquer  pour  chacun  les 

diff^rentes  faqons  dont  ils  pourront  itre  interpret^  par  le  sj^time  adaptatif. 


En  antennes  omnidireclionnelles,  il  est  rare  que  la  propagation  ne  comporte  pas  de  trajets  multiples. 
En  transmission  haute  frequence,  les  diff6rentes  couches  de  rionosphire  renvoient  des  signaux 
souvent  decaI6s  les  uns  par  rapport  aux  autres  de  phisieurs  millisecondes.  En  transmission  SOL>SOL 
ou  SOL'AIR  I'existence  de  trajets  multiples  est  tris  frequente,  notamment  en  milieu  urbain.  Des 
differences  de  temps  d'arriv6e  allant  ju$qu'4  lO^ts  sont  couramment  obscrvecs  en  VH!^  et  en  UHF. 
Les  trajets  correspondant  k  un  mime  retard  peuv^t  itre  attribuds  i  des  rdflecteurs  situds  sur  une 
ellipse  dont  les  foyers  sont  Vdmetteur  et  le  rdeepteur. 

On  distinguera  deux  ellipses  parttculidres : 

•  La  premidre  est  I’ellipse  de  Fresnel  quI  correspond  4  unc  diffdrence  de  temps  de  propagation  d’un 
quart  de  longueur  d'onde  i.  la  frdquen^  de  la  porteuse  utilisde.  Les  obstacles  situds  dans  cette  zone 
affaiblissent  le  signal  transnus  mais  ne  erdent  pas  de  trajets  multiples  identifiables. 

•  Une  elb'pse  correspondant  k  une  di^drence  de  temps  de  propagation  de  par  rapport  au  trajet 
direct  tel  que ; 


X  b  “  ^ 


Les  dehos  provenant  d'obstacles  situds  i  Tintdrieuf  de  cette  zone  ne  pourront  pas  dtre  sdpards  du 
signal  direct.  Ils  produiront  une  distorsion  pdriodique  d’amplitude  et  de  phase  du  spectre  de  pdriode 
F  telle  que : 


r 
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AP  X  At  -  X 

La  bande  B  du  signal  transmis  dtant  faible  par  n^n  &  AB,  on  observera  seulement  une  dispersiviti 
apparente  du  milieu. 

Ced  sera  particuliiremeot  ginant  dans  les  antennes  adaptativcs.  NUme  des  trajets  multiples  de  trh 
falble  niveau  peuvent  limiter  la  rejection  maximale  de  broudleurs,  lorsque  les  algorithmes  bande 
^troite  sent  utilises  (dest>^«dire  lorsque  les  pond^rations  sent  ind^pendantes  de  la  frequence). 

Pour  ehaque  frequence  de  la  bande,  on  pourra  eonstddrer  que  le  front  d'onde  n*est  plus  plan.  Dans  le 
cas  de  deux  ondes  de  mime  polarisation,  arrivant  selon  deux  directions  faisant  entre  elles  un  angle  a. 
la  diformation  du  front  d'onde  aura  une  piriode  spatiale  L  telle  que : 


T  -  ^ 

^  "  Hn“ot 


A  I'extirieur  de  cette  ellipse,  les  diffirents  trajets  deviennent  progressivement  siparables  en  temps 
d'arrivie. 

Pour  uoe  antenne  adaptative,  ces  ichos  soot  alors  considiris  eomme  des  sources  indipendantes  et 
peuvent  itre  itiminis,  dans  la  mesure  oil  leur  nombre  ajouti  k  celui  des  brouilieurs  k  iliminer  reste 
infirieur  au  nombre  de  ziros  indipendants  que  peut  crier  Talgorithme  adaptatif. 


Les  inhomoginiitis  de  la  basse  atmosphire  difriisem  les  ondes  radioilectriques.  Bien  que  le  niveau 
des  ondes  diffusies  sole  iris  faible,  ce  mode  de  propagation  est  mis  k  profit  dans  des  faisceaux 
Hertziens  transhorizon.  Les  diffuseurs  situis  dans  le  volume  dilinuii  par  les  faisceaux  des  antennes 
d'imission  et  de  riception  contribuent  au  iransfert  d'inergie.  Le  nombre  de  diffuseurs  inclus  dans  ce 
volume  itant  tris  grand,  la  somme  de  toutes  leurs  contnbutrons  est  un  signal  fluctuant  dans  le  temps 
selon  uoe  loi  de  Rayleigh  (ou  de  Rice  si  on  di^e  itre  plus  pricis). 

Deux  antennes  diffirentes  ou  deux  faisceaux  poimis  dans  des  directions  diffiientes  recevront  des 
signaux  dont  les  fluctuations  sent  dicorrilees. 
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Cesi  pour  risoudre  les  prc^Iimcs  po$d$  par  ces  l^so&s  qu’ont  dt£  commencdes  ies  dtudes  (Tantcnncs 
adapui)\e&.  1!  fallalt  iire  capable  de  combiner  de  fa^on  optlmale  Ie$  ugnaux  fournis  par  plusieurs 
r^cepteurs. 

Dans  les  sysiimes  adaptati^  cette  diffusion  uopMpMrique  esi  gdniralement  niglig^e.  II  n’est  pas  sflr 
qu*eUe  pourrait  Vitre  dans  des  syslimes  qut  viseraient  des  performances  beaucoup  plus  dlevies 
qu'aujourd’hul 


m.3sLvpiSE£Rsiy[mj?v,Mm£U 


L’lonosphire  est  un  milieu  dispersif.  Les  spddaltstes  de  transmission  Haute  Frequence  le  savent  bien. 
Cette  dispersivitd  ddcrott  en  fonction  de  la  frdq^ence.  On  admet  que  pour  un  satellite  de 
radiolocalisation  I’erreur  qu’elle  introduit  sur  le  temps  de  propagation  de  groupe  est  de  la  forme : 


Cette  erreur,  relatlvement  importante  &  site  bas,  lor^ue  les  rayons  traversent  I’ionosphire  sur  une 
longue  distance  peut  6tre  sensible  sur  un  systime  &  bande  large. 

D'une  manlire  g^ndrale,  tous  les  phdnombnes  dependant  de  la  longueur  d’onde  introduisent  de  la 
di^persiviti.  La  propagation  sur  terre  unie»  que  I'on  tienne  a)mpte  ou  non  de  la  rugositd  du  sol  et  du 
microrelief,  est  un  phinomine  dispersif.  Les  objets  places  au  voisinage  immddiat  des  antennes 
modireot  leurs  impedances  et  diagrammes  de  ta^nsument.  Mime  si  on  ne  peut  plus  parler  de  trajets 
multiples,  ces  obstacles  perturbent  le  front  d’onde.et  ^dent  une  dispersivitd  apparenie  du  milieu  de 
propagation. 


U  est  bien  commode  de  supposer  le  milieu  statlonnaire  pour  dtablir  des  rdsultats  thdoriques.  En 
rdalitd,  cette  hypothdse  n’est  jamaU  vdrlCee.  Comme  les  radaristes  le  savent  bien,  les  signaux  rddmis 
par  les  diffuseurs  ik  I'origine  des  trajets  multiples  fluctuent  dans  le  temps.  II  est  possible  de  prddire,  en 
fonction  des  conditions  mdtdorologiques,  de  i'eimronnement  tenestre  ou  maritime,  le  niveau  et  la 
bande  doppler  des  dchos  de  fouilHs  qui  leur  sont  a^ocids.  Le  trajet  principal  lui*mdme  n’est  pas 
exempt  de  fluctuations.  Toute  vibration  de  ranteime  entrainera  un  ddplacement  de  son  centre  de 
phase.  Un  ddplacement  de  celui*ci  d'une  distance  1  c(»  wt  produira  une  modulation  de  phase  du  signal 
re;u  correspondant  4 1’addition  d'un  signal  en  quadrature  de  niveau  efflcace  relalif : 
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Pouf 

X  ■■  10  CIB 

1  ■  0,1  mm 
on  trou\e:-67dB. 

En  bautfi  frequence,  i  lOMHz,  un  d^placoment  d'un  fouet  de  3  cm  produiraii  un  signal  pafasiiC  de 
niveau  relatif  •  47dB.  ce  qui  est  loin  d'itre  n4gligeable. 

Dans  les  mobiles  la  non  stationnariti  des  signaux  risulte  essentfellement  du  djplacement  des 
vdhicules  par  rapport  i  Tenvironnement  ei  de  Tun  par  rapport  k  Tauire.  11  est  facile  de  se  rendre 
compte  que  lorsqu'uo  adronef  dvotue  dans  Tespace,  les  dirccitons  dans  lesquelles  se  trouvent  les 
sources  peuvent  changer  rapidement. 

Les  diagrammes  d'antenne  n*dtant  connus  qu*imparfaitement,  il  sera  difficile  de  prdv'oir  les  variations 
de  champ  re(u  par  les  antermes  qu!  en  rdsulteront  et  d’ajuster  en  temps  rdel  les  coefficients  des  nitres. 

Le  ddplacement  des  pieces  mobiles  comme  les  hdlices  tfaNions  de  patrouille  maritime  ou  les  rotors 
d'hdlicoptdre  modificnt  les  signaux  re^us.  Par  ailleurs,  les  vibratioris  de  la  structure,  en  modulani  les 
dchos  proches,  ajouteront  4  toutes  ces  fluctuations  des  composanies  rapides.  Enfin,  les  trajets 
multiples  comportant  au  moins  une  rdflexionsur  le  sol  sont  modutds  par  1$  ddplacement  de  I'adronef. 

Les  phdnomdncs  observds  sur  les  navires  ou  les  vdMcules  terrestres  sont  analogues.  L^environnement 
proche  des  antennes  joue  un  rdle  de  plus  en  plus  important.  Le  mouvemenl  de  la  mcr  et  des 
superstruaurcs  des  navires  perturbe  le  diagramme  des  adf  iens. 

La  mesure  de  taux  d'onde  stationnaire  sur  Tantenne  d’un  poste  VIIF  montd  sur  un  vdhicule  en 
mouvement  suflit  4  com'aincre  qu'il  ne  peut  y  avoir  aucune  relation  enire  la  direction  apparente  vue 
par  Tahtenne  et  la  direction  rdtile  de  la  source. 


Une  pius  fine  de  la'propajgation  met  en  ^denee  un  noisbre  ilcv6  de  trajett  multiples 

conduUant  i  une  structure  complexe  du  damp,  Des  perturbauons  locales  uippUmentaires  som  li£es 
au  couplage  de  ranienne  avec  de$  objets  situ^  i  one  ou  quelques  longueurs  d’orule  et  leur  influence 
ne  peut  itre  d^te  que  comme  une  non  stationnariti  du  champ  re^. 

Pour  touies  ces  raisons,  les  perturbations  fnduU^  par  la  propa^tioa  sonl  de  tris  loin  la  limitation 
principale  aux  performances  dcs  systimes  adaputiis,  mime  lorsque,  dans  le  cas  des  modems 
adapudfo,  Tobjectlf  poursuivi  est  justement  de  les  ammler. 

Le  diveloppement  de  ces  techniques  passe  par  un  eflbrt  de  modihsation  de  U  propagation,  sans 
lequel  aucun  pro^is  ne  pourra  itre  espitd  i  faventr. 


Mime  d  la  tendance  actuelle  est  i  Tuhlisation  de  plus  en  plus  s>stimatlque  du  iraitement  numirique,  les 
systimes  adaptaiifs  ne  peuveirt  iire  rialisis  sans  fon^ns  analo^ques.  Les  systimes  i  large  bande,  en 
raison  des  friqucnces  d'ichantillonnage  qu*ils  nicessiteni  ont  besoin  plus  que  les  autres  de  faire  appel  k  des 
caiculs  analo^ques  dont  la  puissance  iquivalentc  est  et  restera  sans  commune  mesure  avec  cclle  des 
processeurs  digitaux. 

Nous  allons  done  regarder,  fonction  par  fonction  queUes  sont  les  limitations  des  deux  technolo^es 
analogique  et  digiiale,  aussi  bien  du  point  de  vue  de  la  dynamique  que  de  la  largeur  de  bande. 

IV.lJflJffimTlQNSXfiMPLEXES 

Tous  les  iraltcments  adaptatifs  nicessitent  te  caloii  de  sommes  pondiries  de  signaux  convenablement 
diphasis. 

En  bande  itroiie,  retards  et  produit  complexes  sont  iquivalents.  En  bande  large,  il  n'en  est  pas  de 
mime.  Un  retard  d'une  durie  r  correspond  &  la  fonction  de  transfert : 

f(r) «  c  *P' 


p  itant  le  paramitre  de  Laplace  (p  |w  pour  les stgnaux sinusoTdaux). 
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dfphasage  e(fectu6  par  mulu’plication  par  un  nombte  complcxe  de  module  uniti  correspond  4  la 
fonction  de  transfert ; 

g  *  e  ^ 

Si  on  eCfectue  une  multiplication  complexc  tit  oil  if  aurait  fallu  un  retard  pur  on  conunet  une  erreur 
relative. 

g  '  f(T)  -  e  -  o 

«vee 

P  ■  j((0,  +  A0))T 

V  -  6).  .  7 

g  -  f(t)  .  o'^d  -  t^') 

|g  -  f(t)|  - 

Dans  les  antennes  adaptatlves,  !a  distance  entre  les  antennes  est  giniralement  de  Tordre  de  /4  k  la 
frequence  centrale  w. 

L’erreur  commise  en  choisissant  d'effectuer  des  multiplications  complexes  est  alors  de  I’ordre  de : 

|9  "  ^<0 1  ■  *  5  ^ 

On  constate  que  mime  pour  une  bande  aussi  faible  que  lOMHz  k  300MHz,  cetle  erreur  est  diji  en 
bord  de  bande  de : 

I 

Mil  ■  iUB 
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n  est  done  indispensable,  dans  le  cas  des  s>stime$  k  bande  hr^e  de  faire  I'^tude  th^orique  en  tenant 
compte  de  la  mithode  de  pond^raiion  retenue  pour  la  realisation  pratique :  multiplication  complexe, 
retard  ou  une  comblnaison  des  deux,  une  interpellation  des  retards  diant  faite  par  d6pbasage. 


II  D’est  pas  tris  facile  d'effectuer  des  por^ations  complexes  de  fa^n  analogique. 

II  est  nicessaire  de  ctHt  par  filuage  deux  slgi^ux  d^phasis  de  x/2  dans  toute  la  bande  k  trailer. 
II  faut  ensuite  pouvoir  attinuer  di^^renunent  diacune  des  composantes  avant  de  les  recombiner 
en  sortie,  toutes  ces  fonctions  istroduisant  des  penes,  U  est  n^^ssaire  d’ajouter  des 
ampltficateurs  pour  les  compenser,  au  detriment  du  facteur  de  bruit  et  de  la  liniariti  (Fig  S). 

Une  autre  technique  consiste  ^  combiner  d^phasage  et  dtangement  de  frequence  en  une  seule 
operation,  la  phase  de  I’oscillateur  local  £tant  ajustie  i  Taide  d'un  d^phaseur  variable.  La 
liniaritd  ct  la  dynamique  de  ces  systimes  restent  tr^  llimties. 

Le  progr^  raplde  des  diodes  de  ^tiunutation  hyperfr^quence  permet  de  rialiser  des  lignes  h 
retard  par  commutation  de  longueurs  de  li^es. 

£%idemment.  la  combinaiscn  ^^riable  taux  d'onde  stationnaire  des  commutateurs  et  des 
iHments  de  ligne  k  retard  perturbe  llgirement  les  rfsultats,  mats  il  n’y  a  pas  de  raison  pour  que 
ces  difauts  soient  plus  importants  que  ceux  qut  r£sultenl  des  caractiristiques  des  antennes  et 
lignes  de  transmission  qui  les  pricideni  dans  la  chalne  de  reception  et  dont  les  taux  d'onde 
stationnaire  ne  sont  pas  mciltcurs. 

De  plus,  ces  lignes  ^  retard  variables  ont  une  dynamique  sans  commune  mesure  avec  celle  des 
prdcidentes,  aucun  61^  ment  non  Un^re  n*imeivenant  dans  leur  realisation. 

II  est  toutefois  necessaire  de  faire  suivre  oette  operation  de  retard  par  une  ponderation  en 
amplitude  it  I’aide  d'un  attenuateur  imriable  dont  la  linearite  est  generalcmcnt  mcilleure  que 
celle  d'un  meiangeur. 


En  theorir,  rien  n'esr  plus  simple  que  (Tappiiqucr  au  signal  d’antenne  un  coefficient  de 
ponderation  w,  Ceci  se  ramene  &  une  ^mple  multiplication  complexe. 

Mallicurcusemcni,  pour  pouvoir  faire  alle  operation,  il  faut  disposer  des  echantillons 
complexes  du  signal  it  traitcr.  Comment  peut*on  les  obtenir : 


a)  T^te  analytique  cla&sique. 

Le  signal  k  numiriser  «st  multipli6  avee  deux  ^gnaux  h  la  frequence  central^  de  la  bande  k 
oum^nser  (que  nous  appellerons  par  convention  frequence  porteuse)  diphasis  de  90  degr6$. 
Apris  nitrage  passe  bas,  les  deux  composantes  r^lle  ct  ima^naire  peuvent  itre  numirisdes. 

Les  elements  analogiques  constituant  cette  (Ste  de  reception  ne  sent  pas  tris  diff£rents  de  ceux 
d’un  muhiplieur  analogique.  Les  limitattons  technologiques  qu'ils  introduisent  sent  done 
iquivalentes. 

Les  codeurs  num^riques  mdritent  une  attention  paniculiire.  Leui  Im6arit6  doit  £tre  tris  bonne. 
Leur  pas  de  quantiHea'icn  doit  itre  sensiblement  plus  faible  que  le  bruit  thermique,  de  fa^on  k 
ne  pas  d^grader  le  facteur  de  bruit.  Le  nombre  de  bits  de  codage  doit  itre  suffisant  pour  coder 
sans  saturation  les  signaux  parasites  les  plus  forts  qu’il  est  possible  de  lencontrer. 

Eofin,  ils  doivent  itre  capables  de  coder  k  une  cadence  suffisanie  F  •  1/D,  B  ^tant  la  bande  du 
rUtre  (mesurie  au  point  oO  le  signal  transmis  devient  nigligeable  devant  le  bruit  thermique) 

b)  Tites  analytiques  k  sur  iehaniillonnage  (Fig  !0). 

Lorsqu’il  existe  des  codeurs  assez  rapides,  il  est  possible  de  coder  directement  le  signal,  sans 
ebangement  de  frequence,  puis  de  g^n^rer  par  filtrage  oum^rique  les  deux  composantes  des 
^cbantUlons  complexes.  Toutc  la  difficuUd  technolo^que  est  alors  reponde  sur  le  codeur 
aoalogique  numdnque. 


1V.2  LE FILTKAGEDES SIGNAUX UTlLES,AVA^f^_■mA^TEME^f^ 

En  gdndral,  dans  un  rdeepteur,  il  est  ndeessaire  d’dltminer  en  Ute  des  signaux  parasites  hors  bande 
utile  de  forte  amplitude.  II  n’est  pas  rare  en  tildcommunications  que  le  signal  d’un  dmelteur  localisd 
soil  re^  avec  seulcment  lOdD  de  ddcouplage  sur  une  antenne  voisine. 

A  proxunitd  d’un  dmetteur  de  IKW,  il  faudra  atcindre  unc  atidnuatioo  de  194dB  pour  ramener  ce 
signal  parasite  au  mveau  du  bruit  ihernuque  dans  une  bande  de  IKJiz.  Des  rejections  de  lOOdB  seront 
done  souvent  rdcessalres  avant  tout  traitement.  Oci  ne  peut  due  rdalisd  que  par  des  BItres 
analogiques  pas^ifs. 


1V3.  LE  CALCULDES  COEFFtCfDENTS  DECORREIv^TION 
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ivj.i.  CalcuLanalogii^g 

Le  calcul  de  coefncteats  d6  correlation  peut  etre  fait  de  fa^on  analogique  sur  le  prindpe  d«  la 
figure  10.  ToutefoU,  a  schema  ne  foumlt  que  la  partle  redlc  du  produit.  Dans  le  cas  des  signaux 
i  bande  etroite,  centres  sur  une  frequence  porteuse.  il  faut  calculer  independemment  les  parties 
recites  et  imaginaires  du  coefficient  de  correlation,  ce  qui  complique  sensiblement  le  schema. 


Ce  calcul  est  trivial  et  oe  necessite  qu*une  puissance  de  calcul  relativement  limitee.  Les  solutions 
numeriques  sont  done  preferecs  ^  chaque  fois  que  le  choix  est  possible. 


1V.4.  IE  CAICVL  DES  COEFFIClENTS.DESEll'mES  APAPTATIFS 

Qu'tl  s'agisse  de  filtres  spatiaux  ou  tempore!,  le  calcul  numerique  des  coefficients  est  toujours 
preferable,  les  methodcs  analogiques  ne  permettam  de  mettre  en  oeuvre  que  des  metbodes  de  zero 
dont  la  Vitesse  de  convergeance  n’est  pas  toujours  maltrisable. 

La  mise  cn  oeuvre  des  algorithmes  d’adaptation  necessite  pratiquement  le  passage  aux  methodcs 
numeriques. 


1V.5  XES  niTRES  ADAPTATIFSEN  BANPE  DE  SASE 

Ces  filtres  des’gnes  generalcment  sous  le  nom  d’egatiseurs  nc  sont  pratiquement  realisables  que  sous 
foime  numerique.  Mime  si  les  principes  qu’ils  metient  en  oeuvre  sont  connus  depuis  longtemps,  ce 
n’esi  que  depuis  que  les  techniques  digitales  sont  sufiisamment  rapides  que  les  applications  pratiques 
sont  apparues. 
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En  conclusion,  on  observe  que  les  techniques  numiriques  sent  nettement  prifdrables  aux  techniques 
analogiques.  D  y  a  done  lieu  de  les  utiliser  chaque  fois  que  cela  est  possible. 

Par  contre,  les  fonctions  de  filtrage  haute  fr^uence  avant  num^risation,  de  conditionnement  de  signaux 
avant  codage  et  k  fortiori  de  codage  analogtque  numirique  dans  les  sysiimes  digitaux  sent  iris  ddifeates. 

Certains  signaux  parasites  provenant  de  sources  comme  les  broullleurs  de  barrage  ou  les  dmetteurs  proches 
peuvent  injecter  dans  les  r^apteurs  des  niveaux  considirables  qu'aucun  circuit  actif  ne  peut  recevoir  sans 
introdulre  une  intermoduIatTon  inacceptable. 

Les  solutions  techniques  adoptees  dans  les  r^cepteurs  classiques  &  bande  ^troite  ne  sont  plus  utilisables. 
Comment  garantir  Tidentiti  parfaite  de  plusieurs  chalnes  de  reception,  I'apairage  des  gains,  des  chatnes  de 
comrdle  automatique  de  gain,  de  la  bande  passante  et  du  d^phasage  diffireniiel  des  difKrentes  voles  ? 

Pour  rejeter  un  brouilleur  re^u  avec  un  niveau  de  40  decibels  supirieur  au  signal  utile,  il  faut  que  la  pariie 
analogtque  d’entrie  et  le  codeur  num^rique  aient  une  tfynamique  itls  importante. 

On  doit  admettre  que  ces  performances  doivent  itre  tenues  dans  au  moins  une  trentaine  de  dticibels  de 
dynamique.  Le  brouilleur  doit,  apris  iraitemem  conduire  k  un  signal  k  bruit  du  mime  ordre.  11  en  risulte 
que  la  partie  analogique  doit  avoir  au  moirts  une  dynamique  de  lOOdB,  iventuellement  extensible  par 
attinuateurs  fixes  en  tite.  II  ne  faut  done  pas  sous  estimer  les  difficuhis  tecbnologiques  que  Ton  rencontre 
dans  la  mise  au  point  des  systimes  adaputt^. 
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